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EDITOR'S PREFACE 



The aim of these monographs is to report upon research carried 
out in electronics and applied physics. Work in these fields continues 
to expand rapidly, and it is recognised that the collation and 
dissemination of information in a usable form is of the greatest 
importance to all those actively engaged in them. The monographs 
will be written by specialists in their own subjects, and the time 
required for publication will be kept to a minimum in order that 
these accounts of new work may be made quickly and widely 
available. 

Wherever it is practical the monographs will be kept short in 
length to enable all those interested in electronics to find the 
essentials necessary for their work in a condensed and concentrated 
form. 

D. W. Fry 



AUTHOR'S PREFACE 

The phenomenon of secondary electron emission was discovered 
fifty years ago. At first only little interest was shown, but when 
electronic tubes came into more general use, secondary electron 
emission was also more intensively investigated. Literature on 
this subject is of both an academic and a technological character. 
In this book a survey of the physics and applications of secondary 
electron emission is given. 

In the first seven chapters the physical side of secondary electron 
emission is discussed. The first chapter is an introduction; the 
second treats methods and measurements. The third and fourth 
chapters give numerical results on the secondary electron emission 
yield of both metals and metal compounds. In these chapters 
some effects are discussed and their connection with the experi- 
mental technique explained. The fifth chapter deals with the 
influence of externally adsorbed foreign atoms and ions on secondary 
electron emission. Chapters 6 and 7 deal with the mechanism of 
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PEEFACE 



secondary electron emission. While it is evident that a complete 
theory does not yet exist, the author has endeavoured to give a 
survey comprising the various approaches to the problem. Results 
of experiments of fundamental importance are also discussed. 

The three final chapters deal with the apphcation side: Chapter 8 
on the apphcation of electron multipHcation, Chapter 9 on the 
elimination of disturbing effects due to secondary electrons, and 
Chapter 10 on "storage" devices in which information on electrical 
charges is written on an insulating surface, often by making use of 
secondary electron emission. 

Literature on this subject is rather extensive. In accordance 
with the contents of the book the list of references is divided into 
two parts, one being a chronological list of articles on the physics 
of secondary electron emission, and the other comprising articles 
on the application. 

The author would like to express his thanks to Professor Dr. 
H. B. G. Casimik, dkector of the Philips Research Laboratories, 
for his permission to publish this book. He is much obliged to 
Professor Dr. J. L. H. Jonkeb, who read the manuscript and made 
several valuable suggestions. On the subjects treated in Chapter 10 
he had many useful discussions with Dr. P. Sohagen. 

Thanks are also due to the Pergamon Press for the handsome 
printing of the book. 

Eindhoven, 
November 1953 
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INTRODUCTION 

1.1. DISTINCTION BETWEEN SECONDARY ELECTRONS 
OF A DIFFERENT CHARACTER 

When electrically charged particles with sufficient kinetic energy 
hit the surface of a solid, the latter emits electrons. These electrons 
are called secondary electrons, and the bombarding electrons are 
called primary electrons. This book surveys the phenomenon of 
secondary electron emission from different kinds of substances in 
the solid state. 

The phenomenon of secondary electron emission was discovered 
by Austin and Stabke [8] in 1902. Austin and Starke were 
studying the reflection of cathode rays from metal surfaces and 
found that the metal target was able to emit a larger number of 
electrons than it was receiving. This was proof that the primary 
electrons liberated additional ones from the material itself; if 
mere reflection occurred, a number of secondary electrons at the 
most equal to that of the primary electrons would have been 
found. 

Later on these phenomena were thoroughly studied by Lenabd 
and his co-workers. Lenabd [1] proposed the following distinction 
between different groups of electrons. 

1. "Secondary electron radiation"; this was meant to be the 
result of ejection of electrons from a substance by the impact of 
primary electrons. Electrons which are able to leave the substance 
were called surface-secondary-electrons. When the substance 
under investigation has the shape of a thin plate, emission of 
secondary electrons on both sides can be found, namely on the side 
exposed to the bombardment of the primary electrons (emission on 
the entrance side) and also on the side through which the primary 
electrons are leaving the substance (emission on the exit side). 

This book will mainly consider the emission of secondary elec- 
trons on the entrance side. The emission on the exit side has never 
been a subject for profound examination, although it might be of 
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importance for technical application (see Chapter 9). On the 
other hand, the emission on the entrance side has been examined 
thoroughly in numerous investigations; it is very important from 
a technical point of view, as it is found in all kinds of 
electronic valves or tubes where its elfect is indeed essential for their 
operation. 

2. "Re-diffusion" (Lenard's "Riickdiffusion"); the result of 
the bending of the path of an electron, caused by the penetration of 
atoms, Lenard called "diffusion". When the direction of the path 
was altered through more than 90° , he used the term ' 'Riickdiffusion' ' . 
Upon bombardment with primary electrons these "rediffused" 
electrons are found among the secondary electrons. The term 
"reflected electron" was used by Lenard for the special case of a 
rediffused electron which had suffered only one collision with an 
atom. 

Lenard made this distinction because it was observed that 
among the secondary electrons there were different groups, namely 
a slow group with an energy of the order of magnitude 10 eV (this 
was approximately independent of the energy of the primary 
electrons) which was considered to consist of the secondary electrons, 
and a group with a greater energy being the rediffused electrons. 
An example of such a separation will be discussed in the next 
section. 

Another way to differentiate between different kinds of "secondary 
electrons" which is often encountered in the literature is the 
following [5, 6] : 

"true" secondary electrons Lenard's secondary 

radiation 

(primary) electrons which have suf- 
fered one or more inelastic collisions 

(primary) electrons which have been 
scattered elastically (without loss of 
energy) 

From this one can see that the terminology used in the literature 
is quite different. The expressions used by Lenard refer to the 
path or orbit of the primary electrons in the substance under investi- 
gation; the words elastically and inelastically refer to the loss of 
energy of the primary electrons. 



rediffused and reflected 

>• 

radiation 
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L2. ENERGY DISTRIBUTION OF THE SECONDARY 
ELECTRONS 

In this section we shall consider how it is possible to classify 
secondary electrons experimentally. The determination of their 
energy distribution can be carried out by two different methods: 

(1) By means of a retarding electric field E, permitting the 
number of secondary electrons with an energy greater than E 
to be determined. 

(2) By , means of a magnetic deflecting field, leading to a 
determination of the number of secondary electrons with an 
energy between E and E + dE. 




/Retarding voltage — is» 

Fig. 1.1. Energy distribution of secondary and rediffused electrons 
emitted by gold; according to Stehbebgeb [70] 

In fig. 1.1 an energy distribution is shown measured by Stehberger 
with a retarding electric field. The abscissa gives the voltage, the 
ordinate the fraction of the secondary electrons capable of over- 
coming the retarding field. When the secondary electrons are all 
drawn to the collector (negative abscissa), the curve runs parallel 
to the abscissa. With a small retarding voltage the curve drops 
steeply, and then continues horizontally as the voltage is further 
increased. In this drawing the method of separation of secondary 
and rediffused electrons is also shown. According to the Lenard 
school this can be carried out by extrapolating back the horizontal 
section from a voltage of about 30 V, and determining the inter- 
section with the ordinate axis. When Fj, = 2000 V, 27% of the 
secondary electrons are then found to be rediffused electrons and 
the rest "secondary radiation". 
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Fig 1 2 Bhows the energy distribution of secondary electrons 
emitted by copper, after Farnsworth [41]. Again the abscissa 
gives the retarding voltage; the ordinate is the ---^^ f ^^^^^^^^ 
electrons per primary electron capable of overcoming the retardmg 
field The different curves are for different values of F,, m this case 
much smaller than in fig. 1.1; there is again a steep fall at low 
retarding voltages, but this continues nearly -'^^"y 
increasing voltage. As the retarding voltage approaches the value 

1'2ar I i I I I I I 11 I I I I I I I M 1 I I IZl 

t 



00 

0-eo 

0-60 
0-20 

o 



































































































































































































— 
































































































VT 
































































































' V 
































































































) 


















































































































































\ 








\ 




f 


i: 








J 


'\ 






IP 



20 



-40 



GO 



30 



JOO 



I20V 



Retarding voltage 



Fig. 1.2. 



Energy distribution of secondary electrons emitted by copper; 
according to Fabnswobth [41J 



of 7 a further steep fall occurs; the only electrons now able to 
reach the collector are elastically reflected primaries. _ 

Unlike fig. 1.1 then, fig. 1.2 fails to show a separation into slow 
and fast electrons. Such a separation is not generally possible 
with slower primary electrons. An exact separation would be 
possible only if the orbits of the electrons m the substance could be 
'observed, but this cannot be realized. _ It was ^^^^^^^^^^ 
Stehberger that the slow fraction consists only of secondary 
radiation" and the faster part of rediffused electrons. 

It is however possible to distinguish inelastically scattered 
primary electrons from the others. This can be done by measuring 
the energy distribution with the aid of a magnetic deflection method 
(RiTBBERC [79, 103]). In fig. 1.3 the distribution curve is shown foi- 
a silver target; the ordinate is the number of electrons with an 
energy between E and E + &E, the abscissa the energy m eV. The 

curve shows four maxima. , j q ,,^nrlv 

The abscissa of the broad high maximum, marked^, is iiearh 
independent of the energy of the primary electrons and is therefore 
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caused by the "true secondary electrons". The maximum marked 
R originates from the elastically scattered primary electrons. The 
distance between the maxima U and B is independent of the 
energy of the primary electrons. The maxima U are evidently 
caused by primary electrons which have lost a certain amount of 
energy, i.e. have been elastically scattered. It is of course possible 




■"^ — Energy (eV) 

Fig. 1.3. Energy distribution of secondary electrons emitted by silver; 
according to Rudbebg [79, 103] 

that the number of these electrons is greater, but it is not possible 
to recognize them as such. The section of the curve parallel to the 
'abscissa consists presumably of a mixture of "true" secondary 
electrons with inelastically scattered primary electrons or, to use 
Lenard's terminology, of "secondary radiation" and rediffused 
electrons. 

^ 1.3. YIELD OF SECONDARY ELECTRON EMISSION 

From the examples discussed in the previous paragraphs it will have 
become obvious that only the elastically reflected primary electrons 
can be separated with certainty. Fig. 1.2 shows that the elastic 
reflection decreases with increasing energy of the primary electrons; 
e.g. at V:^ = 20 V 40% of the "total" secondary electrons consist 
of elastically reflected electrons, but this percentage drops below 
10 for primary electrons with an energy of 100 eV. 

As far as the inelastic scattering is concerned, it seems reasonable 
to assume with McKay [6] that all electrons with an energy greater 
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than 50 eV have been scattered, either inelastically or elastically. 
In Chapter 3 we shall give a further survey of the number of these 
electrons emitted by different substances, calculated on this basis. 
We shall repeat here that such a separation can only be carried out 
properly for > 2000 V. 

In the region Vj, < 2000 V the slow electrons, i.e. true secondary 
electrons, are the larger fraction of the total secondary electron 
current. This has no doubt been the reason why many authors 
have fallen into the habit of calling all emitted electrons secondary 
electrons, and have thus tacitly assumed that all emitted electrons 
are liberated by the action of the impinging primary electrons. 
This assumption is of course incorrect, but it is useful when the aim 
is to find gross effects; e.g. if the question arises which substances 
are able to emit very many or very few secondary electrons, it is 
practical to define the yield of secondary emission as the proportion 
d of the total emitted secondary electron current to the primary electron 
current. This definition will be followed also in this book. If, 
however, measurements are carried out with slow primary electrons 
or if small effects are traced, one always has to take into account 
that the supposition mentioned above is not strictly correct, that 
is to say, that the total secondary current always contains both 
elastically and inelastically scattered electrons. This fact has been 
neglected in some cases. 

Only in a few cases will it be necessary to consider the following 
correction: 

In order to get the most correct value for the true secondary emission 
coefficient, it is reasonable to make corrections when using either very 
slow primary electrons (---'lOeV) or high energy primary electrons 
(several kV). In the former case the coefficient of elastic scattering is 
important, and from a physical point of view it is logical to count the 
number of ti'ue secondary electrons not per primary hitting electron 
but per primary electron penetrating into the substance. 

Calling the total secondary electron i^, the current of elastically 
scattered electrons *refl ^^'^ primary current i^, dtxue can be written 
as: 

c; S - %efl _ '5 - ^refl /, n 

— "^refl 1 — (>veil 

With high energy electrons (several kV) the number of rediffused 
primary electrons is important. In order to get the correct number of 
true secondary electrons released by the action of each primary electron, 
it is not sufficient only to subtract the current of the primary electrons 
being scattered back; it is necessary also to subtract the number of 
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true secondary electrons released by the rediffusing or inelastically 
scattered primary electrons. This fact was pointed out by Palluel 
[oO-i, 305] who worked the coiTCction in the following way. 

If r is the coefficient of reditfusion, a coefficient i-j can be defined: 

jy — (5 — r 

in which t] means the true secondary emission coefficient due to ionization 
by the primary impiaging and rediffusing electrons. In order to separate 
both kinds of electrons a rough estimation has been carried out by the 
author by assuming that the mean voltage of the rediffused electrons 
is a constaiit fraction of the mean voltage F^ of the primary electrons, 
that IS to say 



Now if ((5true)Fj, is the true secondary emission coefficient for electrons 
I'eleased by the action of the primary electrons one can write 

Although (^true) is not known, the above assumption leads to an 
analogous equation for (5true)zFj,- 

(^true)zFp Vxr,j, — HStiue)x^V 

l)ut this is only possible, of course, if r is constant in the region of y, 
under consideration. 

By successive approximation a series for (5true)Fj, can be derived: 

{^true)Fj, = rjv^ - rrj^v^ + r\zv^ - r\zy^ + . . . (1.2) 

An approximation like this cannot pretend to be more than a very 
rough estimate of the true secondary emission at high primary energies. 
It illustrates again how complicated the phenomenon of secondary 
ok'ctron emission is from a mere theoretical point of view, and also 
fj'oin the point of view of interpretation of experimental results. 
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METHODS AND MEASUREMENTS 

2.1. METHODS FOR MEASURING THE YIELD OF 
SECONDARY ELECTRON EMISSION 

2.1.1. Tube with Electron Beam [167]. 

The yield of secondary electron emission is expressed by the symbol 
d giving the number of secondary electrons emitted by the action 
of one primary electron. This factor d can be determined with the 
apparatus shown in fig. 2.1. The tungsten filament F is the source 
of the primary electrons; it is surrounded by a cylinder G which 
concentrates the electrons on the aperture of the gun G. The 
electrons leaving the opening in G are formed into a beam by 
means of the gun G, and hit the target T; T is covered with the 
substance from which the secondary electron emission yield has 
to be determined. The secondary electrons emitted by T are 
collected on the spherical collector S. To permit the coating of T with 
different substances it is attached to a rod B, at whose other end 
an iron piece IP is fixed, so that with a magnet the target plate 
can be drawn into the neck N of the tube. The substances to be 
investigated are brought on to filaments and and can be 
evaporated on to the target plate. By this construction it is possible 
to accomplish the preparation and the measurement in the same 
tube without exposing the prepared target to the action of the air. 

The secondary electrons from T are all drawn to S, when the 
potential of S is raised above that of T; in this way the total 
secondary electron current is measured. If the potential of S is 
lower than that of T, it is not possible for all electrons to reach S. 
Only those can reach ;S^, which have been emitted with a kinetic 
energy sufiicient to overcome the retarding potential difference 
between S and T. If the potential of S is some volts higher than 
that of F, only the electrons with an energy approximately equal to 
the energy of the primary electrons can reach 8 ; in this way it is 
possible to separate the primary electrons, which are elastically 
reflected. 

8 
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One may ask whether the possibility exists in this kind of device 
tliat the primary electrons, after leaving the upper aperture of the 
giHL G, can reach the collector 8 directly, bypassing the target T. 

ken the surface of T is perpendicular to the axis of G there will 




GS 



Fig. 2.1. Apparatus for measurement of secondary emission yield and 
i-nergy distribution [167]. F == tungsten filament, source of primary 
electrons; C = cylinder; O = electron gun; T = secondary emitting 
target plate; S = sphere, collector for secondary electrons emitted by T; 
R = rod; IP = iron piece; N = neck; F-^F^^ = heaters; QE = plate 
containing getter material; P = sealing off point; OS — glass support. 



be very little chance, as the field strength perpendicular to the 
dii'ection of the beam is then zero. This field strength has a finite 
value, however, if the target is not perpendicular to the beam, 
owing to . the variation of the angle of incidence of the primary 
electrons; one then has to take into account the possibiHty of 
])i imary electrons being drawn to 8, if its potential is higher than 
the potential of T. 
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There are many devices described in the literature which closely 
resemble the tube of fig. 2.1, and this should be considered just as 
a typical example. Attention is drawn to a tube constructed by 
Farnswobth [41], especially designed for experiments with slow 
moving primary electrons. Another method is to use an ordinary 
cathode ray tube, the screen of which has been replaced by the 
target to be investigated, with a suitable collector for the secondary 
electrons. 



c 




Fig. 2.2. Triode for measurement of secondary emission yield of the 
anode. G = cathode; B. = heater filament; Q = grid; A = anode; 
B = glass bulb 

2.1.2. Triode. 

It is also possible to measure the coefficient b with an ordinary 
triode. One cannot attain the same degree of accuracy, as by using 
the apparatus described in the previous paragraph, nor can one 
separate the elastically scattered electrons. The construction of a 
triode is however much simpler. 

The primary electrons in a triode, as shown in fig. 2.2 are deHvered 
by a cathode G, which can be heated by a filament ¥. The substance 
under investigation is appHed to the inner surface of the anode A. 
The potential difference Y g between the grid G and the cathode G 
is made greater than the potential difference F„ between the anode 
A and C, as the secondary electrons from the anode have to be 
drawn to the grid. 
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Let us call the primary current emitted by the cathode i^. A 
fraction si^ is then intercepted by the grid before reaching the 
anode. The fraction of the cathode current to the anode (1 — s)%^ 
causes a current of secondary electrons. If b is the coefficient of 
secondary emission of the anode surface we can write 

*.= ^{1-^)V (2.1) 

If the cuiTent to the grid and the current to the anode are 
measured, w^e can determine b as follows: 
The current to the anode is 

i^ = {\- s)i^ - (2.2) 
The current to the grid is 

= «*"c + 'h- (2.3) 

Elimination of and from the equations 2.1, 2.2, 2.3 gives 

b = \ ''^ . (2.4) 

It is of course a drawback that a fraction si^ of the cathode 
current is intercepted by the grid, because it is not an easy pro- 
cedure to determine accurately the factor s. The device described 
in the previous paragraph, if properly constructed, does not suffer 
from this disadvantage. A second difficulty is that smaller values 
of b will be found than with the apparatus provided with an electron 
beam. The reason is that secondary electrons liberated from the 
anode are drawn through the meshes of the grid, return between 
grid and cathode and hit the anode after bypassing the grid wires 
for a second time. Thirdly, the angle of incidence of the primary 
electrons is not well defined because some of them are deflected by 
the wdres of the grid. 

In spite of these disadvantages, the triode is a useful measuring 
instrument, especially for technical purposes. We shall therefore 
consider some methods of determining the "shadow" factor s, i.e. 
the distribution of the cathode current between grid and anode. 
The ideal way would be to construct a triode of a similar geometry, 
but with electrodes without any secondary electron emission. No 
known substance has zero secondary emission, however, and one 
has to look for another method. 
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Tank [33] and van der Pol [36] have tried to solve this problem 
by making use of the fact that, if the initial velocities of the electrons 
are neglected, the ratio of the primary currents to grid and anode 
is a function only of the quotient F^/F^. In other words, the 
distribution of the primary electrons between grid and anode remains 
constant as long as Vyj is constant. If and i„ are measured 
for low Vg and F„, with a small coefficient of secondary emission, 
it is possible to find by extrapolation the distribution of the primary 
currents at increasing Vg and F„. This method, however, only 
partly eliminates the secondary electron emission because the 
secondary current consists mainly of elastically reflected primary 
electrons; and if F^ = 5 V, for example, d is of the order of 0-20. 
For more accurate measurements a correction has to be applied 
for the initial energies of the primary electrons and the difference 
in contact potential. 

The method proposed by de Lussanet de la SABLONiiiRB [96] 
is better in this respect, since it allows the current distribution 
between grid and anode to be determined at greater values of Vg 
and F„. The assumption is made that the velocity of the secondary 
electrons is negligible compared with the velocity of the primary 
electrons, so that with a given configuration of the electric field 
both primary and secondary electrons travel along the same orbits. 
DE Lussanet's method is illustrated in fig. 2.3*. 

In this figure the anode current is drawn as a function of F^/ F^. 
(The shape of the curves will be explained in more detail in the next 
section, 2.2.) For each curve Vg is kept constant. The dotted 
curve gives the still unknown course of the primary anode current 
'ijjj,. In the region where F^ > Vg the secondary electrons are drawn 
from the grid to the anode. The anode current consists therefore 
of the secondary electrons emitted by the grid (ig^) and the electrons 
emitted by the cathode (i^^). 

According to de Lussanet it is possible to express the current 
of secondary electrons emitted by the grid (corresponding with 
the points A-^^, B^, and as a product of two factors: (a) the 
secondary emission coefficient <5, constant along each curve because 
Vg is constant, and (b) a saturation coefficient y, constant for each 
value of VgjV^. 



* The author has used this method to determine the current distribution 
in a tetrode. For simplicity's salce it is described here for a triode. 
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For the secondary electron current emitted by the grid, i^^, we 
can write for each of the points A^, B-^, A^ and B^ the following 
equations: 















iaiA) - 























4! f ^ function of Method of determining the 

distribution of the primary electron current between grid and anode 
in a triode; according to de Lussanet [96] 

From these four equations the following relation can be derived: 
igiA) - V(^ ) _ igiB,) - i^^{ B) 

If an arbitrary value for v(-4) is assumed, it is possible to find 
any other i?-point on the curve through A. The following method is 
priiposed by de Lussanet to find the curve for the primary cur- 
rents. In the regions where F„ < Vg and also in the regions where 
\ „ > Vg a bundle of possible curves is drawn using relation (2.5). 
The correct curve can be found by choosing out of each bundle 
a Jine in such a way that both lines coincide if elongated. An 
example of this method is shown by fig. 2.4. 
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Another method, starting with the assumption that the velocities 
of the secondary electrons are neghgibly small, has been described 
by Lange. Lance recognized that because of the difference in 
velocity of primary and secondary electrons it was practical to 
separate them by the application of a magnetic field so that the 




Fig. 2.4. Determination of the primary anode current i^p; according to 

DE LXJSSANET [96] 



secondary electrons are bent to the electrodes from which they 
originate, whereas the primary electrons are deflected only slightly. 
Such a separation can be properly carried out if the potential 
difference between grid and anode is not too high, i.e. if the secondary 
electrons are not much accelerated. 

It is also possible to determine the current distribution in a 
triode if the energy dissipation is measured in grid and anode. 
This method has been used by Schwarzenbach [104] and Myers 
[161]. In order to describe the method in its fundamental and most 
simple form, we shall again neglect the initial energies of the 
secondary electrons. Let us consider the case where F„ > Vg, so 
that all secondary electrons from the grid are drawn to the anode. 
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If If„ and Wy are the energies dissipated in the anode and the grid 
t lie following relation exists: 

'^^a^iaVa-hjsy, (2-6) 

and Wg = ig^V^. (2.7) 

When F„ < V,j the relations become: 

W,::^iJg-i,J, (2.8) 

and = igj,_,. (2.9) 



Considering the case > V the measurement of alone 
would be sufficient to determine i^^ by equation (2.6); if i^^ is 
known the primary currents i^^ and i^^ are also known. In practice 
liowever the anode receives also radiated energy from the grid. 
To correct for this IVIybrs measured W g. There is also an "evapora- 
tion" heat of the secondary electrons, so that an extra negative 
term has to be added on the right of equation (2.7). 

By means of experiments of this kind we can prove experimen- 
tally that the distribution of the primary current is a function of 

A method founded on another principle has been elaborated by 
Hyatt [64, 65]. He used a triode, in which the "cathode" did not 
emit electrons, but positive ions (caesium ions). The measurement 
\s'as in two parts. In the first part the grid was at a negative poten- 
tial with respect to the cathode, and the anode at a positive poten- 
tial. The secondary electrons liberated by the ions from the grid 
wore drawn to the anode. So it was possible to determine the 
number of secondary electrons per primary impinging positive ion. 
In the second part both grid and anode were negative with respect 
to the cathode; in this situation it was possible to determine the 
(iibtribution of the ion currents between the two electrodes. The 
distribution of the electron currents was now also known, since 
the orbits of ions and electrons are similar with the same configura- 
tion of the electric field. Hyatt showed in his first paper that the 
di.stribution was independent of the applied voltages, if > 0-2 V 
in his second paper he reported that the criterion was F„ > 0-75 V ,j. 
This difference was presumably due to the difference in geometrical 



16 



SECONDARY ELECTRON EMISSION 



construction of the tubes used in his experiments. The fraction of 
the current reaching the grid was in both cases equal to the fraction 
of the anode surface covered by the grid as seen from the cathode 
(fig. 2.5). 
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Fig. 2.5. Distribution of the primary electron current between grid and 
anode in a triode; according to Hyatt [64, 65] 




Along theoretical lines Jonker and Tbllegen* derived a formula 
giving the current distribution in a triode: 



F„ - F. 

1 + 



(2.10) 



2F, In (Z/277C)J 

in which 2c = diameter of the grid wire, 

I = spacing between the grid wires, 
Vg = mean potential of the grid surface, 

*c = + h- 

This formula applies in the case of an indefinitely extended flat 
cathode. 

All methods described above are obviously approximation 
methods. It is not correct, for example, to neglect the starting 
energies of the secondary electrons which are always some eV in 
magnitude. How far it is permissible to do so has never been fully 
discussed. In most methods it is assumed that the fraction of the 
electrons hitting the grid is equal to the fraction of the anode surface 
covered by the grid (for this "shadow factor", see the result obtained 
by Hyatt, fig. 2.5). There may also be objections to the method 



* J. L. H. JoNKEB and B. D. H. Tellegen; Philips Res. Repts., '7,13, 1945. 
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proposed by Hyatt; for he has not taken into account the possi- 
bility that secondary electrons released by the ions from the grid 
wires can be drawn to the ion source. 

2.1.3. Measurement of the Secondary Electron Emission using a 
Triode with a Photoelectric Cathode and a Photosensitive 
Secondary Emitting Electrode (Penning and Kruithof). 
In fig. 2.6 an example of a tube used by Penning and Kruithoe 
is shown. The cathode and anode are prepared on the inner side 
of the glass envelope and are both of the type [Ag] — Cb^O — Cs 
(the significance of these symbols will be explained in detail in 



Fig. 2.6. Photo-electric cell with secondary emitting electrode and anode; 
according to Penning and Kkuithof [116] 

CJiapter 4). Irradiation with fight causes an electron emission 
(photoelectric emission) from the anode A, which serves as a 
secondary emitter. 

The expression for the coefficient d of the anode becomes in this 
case 

(3=1 'JL±^ . (2 11) 

(1 - ^) (ia + h) 

in which i^^j^ is the photoelectric current emitted by the anode. 

2.1.4. Measurement of the Secondary Electron Emission of Wire- 
shaped Bodies. 

In the previous sections measuring devices have been described 
in which the substances whose secondary emission was under 
investigation had the shape of a plate or had been evaporated on to 
a plate. If for one reason or another the substance has to be heated 
to a high temperature, the use of a plate may give difiiculties. A 
considerable amount of energy is needed to raise a plate to a high 
temperature, and other parts in the tube may also be raised in 
temperature causing a release of gas. 
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In these cases it is more appropriate to carry out measurements 
on wires, which can be heated very simply by applying a current. 
In such a device it is however impossible that all the primary 
electrons from the cathode hit the wire-shaped target. The sur- 
rounding electrode for collecting secondary electrons will also be 
hit by primary electrons. The distribution of the primary electrons 
then has to be measured, and this is possible in principle with the 
methods described in section 2.1.2. 

A special method giving more accurate data has been worked 
out by Treloar [135]. His apparatus is shown in fig. 2.7. C is 




Fig. 2.7. Apparatus for determining secondary electron emission yield 
of a wire; according to Tbeloab [135] 

the primary cathode, T the wire under investigation, G a grid at 
cathode potential and A the anode. In order to determine the 
coefiacient <5 of T, the potential difference F„ between A and C is 
increased until the potential in the plane of the grid is sufhciently 
high to attract all secondary electrons from T to A. If F„ is reduced 
a potential minimum arises between T and A and the secondary 
electrons from T cease to reach J.. In this situation the distribution 
of the primary electrons is measured; it appears that the current 
of primary electrons is proportional to 




where is the potential difference between T and C\ a result 
which can be predicted from theoretical considerations. Values of 6 
found by Treloar correspond well with data obtained with plates 
by other authors. With increasing however somewhat higher 
values of 6 are found, because the electrons do not all approach the 
wire perpendicularly (see Chapter 7). 
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2.2. DETERMINATION OF THE SECONDARY ELECTRON 
EMISSION FROM BAD CONDUCTORS (INSULATORS) 

The determination of the secondary emission coefficient of dielectrics 
suffers complications as electron transport is not in general possible; 
the methods described in the previous sections can only be used 
if the conductivity of the layer is large. !'^)4 2,, f'^V 

A method that has been used by Geyer and others employs a 
thin layer evaporated on to a metal plate or, if a metallic compound 
IS to be investigated, the metal is evaporated first and then a layer 
of the compound is formed on it. The conductivity of a target 
can also be increased by heating Or by irradiation with infra-red 
light. In Chapter 6 it will be shown that the process of energy 
transfer of the primary electrons to the electrons of the lattice is 
independent of the temperature. 

If the dielectric in question is, however, too thick and its con- 
ductivity is too small, other methods have to be used. To under- 
stand these better, we must first consider the potential which a 
surface of an insulator can assume under electron bombardment. 
For such a surface there may be two different situations: 

(a) no electrons are able to reach the surface; 

(b) the number of secondary electrons emitted by the surface is 
equal to the number of primary electrons. 

The following experiment indicates at which energy of the 
primary electrons the number of secondary electrons reaching the 
collecting electrode is equal to the number of primary electrons. 
In a triode the anode current is determined as a function of the 
anode voltage F„, the grid voltage being constant. In fig. 2.8 three 
characteristics are drawn for three different values of F^. It is 
assumed that the emission of the cathode is saturated and that the 
energy eF^ of the primary electrons is smaller than the energy at 
wliich 6 has its maximum value. As F„ increases from zero there is 
an initial increase of due to the change of the electrostatic field 
in the grid plane (cf. eqn. 2.10). As F^ increases still more, the 
anode current passes a maximum and decreases again. This 
behaviour of i^^ is caused by the increasing number of emitted 
secondary electrons being captured by the grid. At still higher 
vahics of Fa, ig^ passes through a minimum and then rises rapidly. 
Tliis rise begins when the field between grid and anode is reversed 
in direction. Electrons emitted by the anode are not able to reach 
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the grid whereas secondary electrons from the grid are drawn to 
the anode. When is very large, becomes constant. The 
complete curve is often referred to as the "dynatron characteristic". 

If we consider now the throe curves I, II and III, corresponding 
to three different values of Vg, curve I intersects the abscissa only at 
the origin, curve II touches the abscissa again, but curve III has 
three points of intersection, at the origin, and at P and R. Let us 
consider curve III first. If the anode is covered with an insulating 
layer its surface can only be at cathode potential or at the potential 

ia 




Fig. 2.8. Dynatron characteristics in a triode 

corresponding to E. The situation at P is unstable. This has been 
shown by H. Barkhausbn {EleUronenrdhren, p. 105, Leipzig 
1931): a consequence of the rise in potential in situation P is an 
increasing positive charge, which further increases the potential, 
and so on. In the same way it can easily be proved that the situation 
at R is stable. 

There are therefore two possible situations. If the anode starts 
at the voltage R, which can be observed with an electrostatic volt- 
meter, its potential drops with decreasing Vg. But if Vg drops 
below the grid voltage of characteristic II no intersection is left, 
except that at the origin. The anode then jumps to cathode- 
potential. 

It is obvious that measurements of this kind require a reliable 
method to determine the surface potential. To measure screen potential 
in cathode ray tubes, Nelson [186a] connected the outside wall of 
the tube with an electrostatic voltmeter. Hagen and Bey (151) 
stretched a thin wire as in an electrometer opposite the bombarded 
surface. Other authors measured the deflection of an electron beam 
passing parallel to the surface. 
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As will be discussed later, the secondary emission yield goes through a 
maximum as a function of the primary voltage V^. This means that 
tliore exists a second (higher) value of where d — I. This second 
value can also be measured with an electrostatic voltmeter, if the 
potential of the collector of secondary electrons is raised beyond this 
value of Fj,, the surface potential of the target remains constant. 
The two values of F^ where (5=1 are often indicated in literature 
respectively as V^^ and F^jj. 

The value of V^^n is important from a technical point of view as it 
gives a natural limitation to the energy with which the primary electrons 
strike the screen in a cathode ray tube (Chapter 10). 

Considering curve III in fig. 2.8, the difference between the potential 
at point R and the potential of the collecting electrode will be in 
most cases of the order of some volts. The shape of the curves in 
fig. 2.8, besides depending upon the coefficient d, also varies with the 
geometry of the electrodes. If, for example, the collecting electrode 
surrounds the target as shown in fig. 2.7, the potential of the target 
surface will be somewhat higher than the potential of the collector; 
on the other hand in a triode, with a grid that is a poor collector of 
secondary electrons, the reverse will be found. We may thus 
conclude: 

(a) // the secondary emission yield of the target is equal to or greater 
than 1, it is possible to stabilize the potential of the target surface 
at or near the potential of the collector. 

{b) The potential of the target surface can ahvays be stabilized 
at the potential of the cathode delivering the primary electrons. 

These properties are very important; they enable the secondary 
emission coefficient of insulating substances to be measured, as is 
shown in fig. 2.9. The primary electrons are delivered by a cathode 
and hit the insulating target. The secondary electrons are collected 
b}- the collector. Let us suppose (3 > 1 . To start the measurement 
the switch is put in a position, so that the target surface is stabilized 
at collector (e.g. earth) potential. After switching over to the other 
position (+100 V) the secondary electrons are drawn to the col- 
lector and an instantaneous current — i^ flows through the 
resist a Qce R causing a potential difference, which can be measured 
by tlio oscillograph; however the target potential, and thus F^,, 
rises during the measurement. The original situation is restored if 
the switch is put in the first position, after which the measurement 
can be repeated. In the case of (5 < 1, the surface has to be stabilized 
at cathode potential; the switch is then inserted in the target circuit. 
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The method described here is essentially a pulse technique. Its 
basic principle is that after each pulse the surface potential of the 
target returns to its original value. A method described by Salow 
[229] achieves this with the aid of a second electron beam, which 
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Fig . 2.9. Determination of the secondary emission yield of an 
insulating material 

brings the surface potential back to its original value during the 
interval between two pulses. Pulse methods have also been des- 
cribed by ScHBREB [231], Heimann and Geyer [218], Johnson 
[302] and Pomerantz [300]. 



2.3. DETERMINATION OF THE ENERGY DISTRIBUTIOX 
OF SECONDARY ELECTRONS 

2.3.1. Use of a Retarding Electric Field. 

This method was considered at the beginning of this chapter. If 
the potential of the spherical collector in the tube in fig. 2.1 is 
volts lower than the potential of the target T, only those secon- 
dary electrons can reach the target whose energy B is equal to or 
greater than eF^. If the energy distribution is given by the function 
F{E), the current to 8 is equal to 

Therefore 



= J F{E)dE. 



(2.12) 
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With the apparatus in fig. 2.1 the energy distribution for all 
electrons emitted into the "hemisphere" is measured. A similar 
determination is of course possible for electrons emitted in a par- 
ticular direction. 

An inexactitude in measurements of this kind is caused by the 
fact that the electrons emitted by T, when they hit the collector 
S, release from 8 more secondary electrons, which are drawn 
towards T. In any retarding potential apparatus it is therefore 
advisable to cover the inner surface of S with a substance poor in 
.secondary emission, like a soot layer. 

From equation (2.12) it can be seen that the actual energy dis- 
tribution curve can be obtained only by differentiating the experi- 
mental curve with respect to energy. The method is therefore not 
very accurate compared, for instance, with the method to be 
described in the next paragraph. It is however possible to get the 
distribution curve directly with a retarding field method if, according 
to VAN DER Pol and Weijers,* an alternating voltage of small 
ampHtude is added to the retarding voltage and the amplitude of 
the first harmonic, present in the secondary electron current, is 
measured. The amplitude of the first harmonic is proportional to 
the differential quotient d.iJd{eV^). 

2.3.2, Measurement of the Energy Distribution with a Magnetic Field. 

A well known way to determine the energy spectrum is to use a 
magnetic field (fig. 2.10). The secondary emitting target T is 
bombarded by an electron beam; the secondary electrons are 
deflected by the force of a transverse homogeneous magnetic field 
and are forced to foUow a circular path. Between the radius r of 
the path, the magnetic field H, and the velocity v of the particle, 
the following well known relation exists: 

H r = V. (2.13) 

m 

The i-urrent entering the cage, I^.^„^ is measured as a function of 
the magnetic field H. This is given by 

^cage^ (Pi^)^v, (2.14) 

if (f,{v) is the velocity distribution of the secondary electrons. The 
* Ph;/sica, 'sGrav., 1, 481, 1934. 
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velocity interval Av is determined by the aperture of the cage Ar 

Av^H-^ Ar. (2.15) 
m 

Eliminating Av from equations (2.14) and (2.15) and using (2.13) 
one finds for (p{v) : 




(2.16) 



Fig. 2.10. Device to determine the energy distribution of 
secondary electrons 

Ar 

where / = — is a constant of the apparatus. The current to the 
r 

cage divided by the velocity of the electrons is proportional to the 
velocity distribution. From this the energy distribution can be 
derived, if the abscissa is multiplied by mv and the ordinate divided 
by mv* 

The apparatus, as shown in fig. 2.10, is of a compHcated character 
and is rather extensive in its dimensions. An elegant method with 
a longitudinal magnetic field has been worked out by Kollath [222], 
fig. 2.11. He uses the following well known principle: If a poinr 
source emits electrons with the same energy all at the same angle to 
the lines of force of a homogeneous magnetic field, the electrons will 
meet again at a point. The distance from this image point to the 
point source is proportional to the velocity of the electrons and 



* K. Kollath; Ann. Physik, 27, 721, 1936. 
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inversely proportional to the magnetic field. The device acts 
therefore as a velocity selector in the same way as the one mentioned 
before. 

Vov the special purpose of measuring the velocity (or energy) 
distribution of secondary electrons a gun delivering the primary 
electrons is placed along the axis of the apparatus. The secondary 
electrons travelling in the space between two cones (determined by 
the slits) are focussed into the hole in a Faraday cup collector. The 
current to the collector gives the distribution of the secondary 
electrons in the same way as in the apparatus of fig. 2.10. 



seconding 
emitting 
target 

Fig. 2.11. Determination of energy distribution of secondary electrons; 
according to Kollath [222] 

The relative low energy of the secondary electrons makes it 
necessary to eliminate stray fields and to correct for contact potential 
differences. 

It is obvious that magnetic deflection methods give only the 
distribution curve of electrons emitted in one specified direction, 
whereas the retarding electric field measures all emitted electrons. 

2.4. EXPERIMENTAL TECHNIQUE 

As be pointed out repeatedly in the following chapters, secondary 
electrons are emitted from the outer atomic layers of a substance. 
It is therefore necessary to take care that the substance to be 
investigated has the cleanest possible surface. The work function 
is also of some influence, although not to the same degree as in 
thermionic and photoelectric emission. The contamination consists 
mainly of absorbed atoms and molecules of foreign gases. Sub- 
stances with a considerable chemical activity, such as alkali metals, 
easily form superficial compounds. 

For the same reason it is necessary to have as good a vacuum as 
possible and never to use polished glass parts with grease in between. 
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In general, substances with a high vapour pressure should be avoided 
in the construction of the tube. 

From the cathode, which is the source of the primary electrons, 
contaminants may evaporate on to the target. This is a well known 
difficulty especially with the "oxide-cathode" usually composed of a 
mixture of barium oxide and strontium oxide. Barium atoms and 
barium oxide molecules evaporate continuously and hit the target. 
A tungsten wire may be considered as the source of primary 
electrons least liable to give contamination. 

The pumping practice mostly used is the following: The tube is 
first baked at a temperature as high as possible (for degassing the 
glass envelope) and the metal parts are afterwards heated by high 
frequency induction during constant pumping. By firing a suitable 
getter (magnesium or better barium) any gases still remaining can 
be removed. After sealing off absorption charcoal cooled in Hquid 
nitrogen is often used to improve vacuum conditions. It is not 
possible to give general rules. It is necessary to have a vacuum of 
such a quality as to get reproducible results and to get secondary 
emission coefficients remainmg constant for a considerable time. 
It is difficult to give any figures for the pressures required, since 
some gases (like oil vapour) can be extremely reactive with the 
substances under investigation, and others (like the rare gases) 
do not show any reaction at all. 
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SECONDARY ELECTRON EMISSION FROM 
METALS; REVIEW OF RESULTS 

3.1. INTRODUCTION 

This chapter is devoted to an experimental survey of the secondary 
electron emission coefficient from metals. The numerical results 
here quoted have been obtained only by careful experiments carried 
out by different authors. We shall take the opportunity to associate 
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Fig. 3.1. Secondary electron emission yield of silver; according to 
Wabnecke [137] 

b with other physical properties of the metal in question, but shall 
leave the detailed explanation to be treated in Chapters 6 and 7. 
We shall discuss some measurements carried out with high voltage 
primary electrons, in which case the scattered or rediffused primary 
electrons form the major part (see Chapter 1), and shall briefly 
survey the secondary emission on the "exit side". 
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3.2. SECONDARY ELECTRON EMISSION COEFFICIENT 
d FOR FROM 0 TO 1500 VOLTS 

In this range of F^, d passes a maximum. A detailed discussion will 
be given in Chapter 6, but the maximum can be explained briefly 
by the fact that an increasing primary energy increases the number 
of secondary electrons generated, but the depth at which secondary 
electrons are released also increases and there is thus an increasing 
loss by absorption. Figs. 3.1 to 3.29 give a complete survey of the 
secondary emission yield for F^p between 0 and 1500 V. 
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Fig. 3.2. Secondary electron emission yield of aluminium; according to 
Bbuining and de Boer [167] 
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3 3. Secondary electron emission yield of gold; according to: 
I. Petby [51]; II. Warneckb [137]; III. Copeland [109] 
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Fig. 3.4. Secondary electron emission yield of boron; according to 
KoLLER and Burgess [298] 
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Fig. 3.5. Secondary electron emission yield of barium; according to 
Brxjining and de Boer [167] 
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Fig. 3.6. Secondary electron emission yield of bismuth; according to 
MoROZOV [262] 
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Fig. 3.7. Secondary electron emission yield of beryllium; according to: 
I. Bruining andoE Boer [167]; II. Kollath [180]; III. Schneider [190] 
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3.8. Secondary electron emission yield of carbon; according to 
Bbuining [171] 
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,3.9. Secondary electron emission yield of cadmium; according to 

SUHBMANN and KXJNDT [284] 
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Fig. 3.10. Secondary electron emission yield of cobalt; according to- 
I. WooLDBiDGE [213]; II. Tbeloab and Landon [191] 
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Fig^ 3.11. Secondary electron emission yield of caesium; according to- 
1. Bbuining and de Boeb [167]; II. Mahl[204]; III. Khxebnikow and 

KOBSHUNOVA [176] 
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Fig. 3.12. Secondary electron emission yield of copper; according to- 
I. Petey [51]; II. Waenecke [137] 
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Fig. 3.13. Secondary electron emission yield of iron; according to 
I. Petky [44]; II. Waknecke [137] 
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Fig. 3.14. Secondary electron emission yield of germanium; according to 
KoLLEB and Bxjbgess [298] 
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Fig. 3.15. Secondary electron emission yield of potassium; according to 
I. Mahl [204]; 11. Apanasj^iwa and Timoi"eew [144] 
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Kg. 3.16. Secondary electron emission yield of lithium; according to 
BBtJiNiNG and be Boeb [167] 
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^'^■'■''j ITSswobS^^^^ according to: 

X. -bABNSWOBTH [41]; II. BbuINING and DE BOEB [167] 
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Fig. 3^18. Secondary i ^ of molybdenum; according 

to. i. Fetby [44]; II. Copeland [93]; III. Wabnecke [137] ^ 
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Fig. 3.21. Secondary electron emission yield of lead; according to 
MoBOZov [262] 

;.6-| 1 1 1 1 r- , r— T- 1 , 



1.2 

t 

0-8 



0.4 



O 

O 50 ]00 750 200 ^DV 



Pig. 3.22. Secondary electron emission yield of palladium; according to 
Fabnswokth [41] 
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Fig. 3.23. Secondary electron emission yield of platinum; according to 
COPBLAND [83] 

» ( 





36 



SECONDARY ELECTRON EMISSION 



1-0 



0.5 



500 



Vn 



7000 



1500V 



Fig. 3.24. Secondary electron emission yield of rubidium; according to 
Afanasj£:wa and Timofeew [144] 
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Fig. 3.25. Secondary electron emission yield of silicon; according to 
KoLLER and Bxjbgess [298] 
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Fig. 3.27. Secondary electron emission yield of titanium; according to 
BatTiNiNG [170] 
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3.28. Secondary electron emission yield of tungsten; according 
I. Petby [51]; Ila and b. Kbei-ft [68]; III. Aheabn [82]; 
IV. Waknecke [137] 
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3.29. Secondary electron emission yield of zirconium; according to 
BBXTiNma [170] 
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3.3 DATA 

Table 3.1 is a list, from the data given in the different graphs, 
of the maximum secondary emission yield d^^^ with the corres- 
ponding Y^^ 

max)" 



Table 3.1. Maximum Second aby Electbon Emission Yield (5max, and 

COBBESPONDING Fj,(inax), FOB DiEFEBENT ELEMENTS 





''max 




Miff, JSO. 


liej. 




1 . 

I'O 


O AA 


3.1 


137 


Al 


^ .A 


AA 
oUU 


3.2 


167 


Au 


1-46 


i Ou 


6.6 


137 


B 


1-2 


1 KCi 
lOU 




298 


Ba 


U Ot> 


AAA 


o.o 


167 


Bi 


1"15 


oou 


O.D 


262 


Be 


0-53 


9An 


6. 1 


167 ' 


C 


1-0 


^AA 
OUU 


6.0 


171 


Cd 


11 


A AA 


o.y 


284 


Co 


1 .9 


1 UU 


3.10 


213 


Cs 


0-72 


400 


3.11 


167 


Cu 


1-3 


600 


3.12 




Ee 


1-3 


350 


3!l3 


137 


Ge 


1-2 


400 


3.14 


298 


- K 


0-75 


200 


3.15 


144 


Li 


0-5 


85 


3.16 


167 


Mg 


0-95 


300 


3.17 


167 


Mo 


1-25 


375 


3.18 


137 


Nb 


1-2 


375 


3.19 


137 


Ni 


1-3 


550 


3.20 


137 


Pb 


1-1 


■ 500 


3.21 


262 


Pd 


>l-3* 


>250* 


3.22 


41 


Pt 


1-8 


800 


3.23 


83 


Rb 


0-9 


350 


3.24 


144 


Si 


1-1 


250 


3.25 


298 


Sn 


1-35 


500 


3.26 


262 


Ti 


0-9 


280 


3.27 


170 


W 


1-4 


700 


3.28 


51 ■ 


Zr 


1-1 


350 


3.29 


170 



* (5 = 1-3 at Vj, — 250 V is not maximum value of 8. 



One might expect to find a high yield of secondary electrons from 
metals with a low work function, but this is not in accordance with 
the experimental results. McKay [6] has plotted d^-^^^ as a function 
of the work function of different metals and the result is just the 
contrary, namely a high work function corresponds to a high 3^^^^. 
McKay observes rightly that the work function itself plays a 
relatively minor role in determining the secondary emission yield, 
but other physical properties such as the density are probably of 
more importance. We shall discuss this question in Chapter 6. 
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3.4. INFLUENCE OF CRYSTAL AND SURFACE 
STRUCTURE ON d 

3.4.1. Secondary Electron Emission from different Crystal Faces. 

So far, the secondary emission yield from metals in polycrystalline 
form has been discussed. 

One may ask whether a single crystal shows a different d — or to 
put the question more accurately, whether different crystal faces 
give a different d. This could be expected, since the work function 
of tungsten varies from 4-35 V for the (111) crystal direction to 
4-65 for the (110) direction. 

7-50 1- 
1.25 ■ 

a '-^^ 

I 0.75 

0£0 
0.25 

O 

O 100 200 300 -too 500V 

Fig. 3.31. Secondary electron emission yield of (b) polycrystalline nickel 
and (a) the 100-face of a nickel single crystal; according to Rao [77] 

It seems that the use of electrons to form optical images of a 
polycrystaUine surface is the best way to investigate this question. 
Knoll and Theile [203] (fig. 3.30) have got some striking results 
by forming a television picture of a silicon iron target, using the 
emitted secondary electrons for generating the signal. The different 
crystals can be distinguished, and this would not have been possible 
if all crystal faces had exhibited the same yield. 

Only one other quantitative measurement has been published. 
Rao [77] (fig. 3.31), determined the factor d for a (100) face of a 
nickel single crystal. This face apparently emits a much smaller 
nuinber of secondary electrons than nickel in the polycrystalline 
state. The experiment seems however to indicate that at lower 
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primary energy the (100) face shows the higher yield, but it is 
possible that in this case the fraction of elastically scattered primary 
electrons is greater. More quantitative experiments are needed to 
settle this problem, which may be important for the understanding 
of the mechanism of secondary emission from metals. 

Another question is whether the yield changes when, as the 
temperature of the target is varied, the crystal structure undergoes 
a transformation. The experiments of Tbeloar [191] and Wool- 
DKiDGE [241-243] show httle or no change at the hexagonal to 
face centred transformation of cobalt at 410°C or at the body centred 
to face centred transformation of iron at 910°C. 
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Fig. 3.32. Secondary electron emission yield of gold in disordered state 
(curve I) and the ordered state (curves II and III); according to Scthb- 
MANN and KuNDT [283] 

3.4.2. Secondary Emission Yields of Targets in the Ordered and 

Disordered State. 

SuHRMANN and KuNDT [283] have carried out some interesting 
experiments comparing the secondarj'- emission coefficients of metals 
in the ordered and disordered state. They obtained the disordered 
state by evaporating a metal layer on a cooled plate at 83°K and 
the ordered state by heating the target to room temperature. As 
can be seen from fig. 3.32 the yield of a gold layer in the disordered 
state (curve I) is greater than in the ordered state (II and III). It is 
remarkable that the difference in yield becomes greater with in- 
creasing Fj,, which may mean that the difference is due to 
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the greater absorption of the secondary electrons in the ordered 
state. 

3.4.3. Comparison of the Secondary Emission Yield of Targets 
consisting of Metal in Bulk and Targets provided with a 
Metal Layer obtained by Evaporation in Vacuo. 

There has been ample discussion of the question whether the yield 
of td,rgets consisting of a metal in bulk is equivalent with the yield 
of evaporated layers. The difficulty is that metals with a low work 
function, i.e. metals with a considerable affinity for oxygen, hydro- 
gen, carbon dioxide etc., cannot be obtained in bulk without an 
oxide layer, which of course influences the factor d considerably. 
It has been stated unjustly by Kollath [178] and Warnecke and 
Miss LoRTiE [195] that oxide layers on these metals can be removed 
by heating in vacuo. These authors found a considerably higher 
yield for metals with a low work function than other authors who 
investigated samples of evaporated layers. 

There is, however, considerable evidence that layers evaporated 
in vacuo are equivalent to metals in bulk. There is not much 
difference to be observed between the yield from evaporated layers 
of copper or silver and from the same metals in bulk [167]. If the 
ever present oxide layer is removed from an aluminium metal 
plate by sputtering in an argon atmosphere, the yield is about the 
same as from an evaporated aluminium layer [247]. 

3.4.4. Influence of the Surface Structure on the Secondary Emission 
Yield. 

In this section we shall discuss the secondary emission yield of layers 
consisting of crystallites of very small dimensions, so that these 
layers do not exhibit a reflecting surface but are optically more or 
less black. Such a layer can be obtained by evaporating a metal 
through a gas atmosphere, but since the gas must not form any 
compound with the evaporating material, a rare gas has to be used. 
The reason why this process gives a black surface is that the evapora- 
ting atoms collide with gas atoms and can only reach the wall or 
target after having made a considerable detour. The metal forms 
conglomerates in the gas, which deposit as such on the surface. 
Evaporation across a vacuum, on the contrary, results in the 
deposition of individual atoms on the surface, and these form layer 
crystallites and a more reflecting surface. 
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A layer of soot, obtained from burning hydrocarbons, can be 
considered as having been formed by the evaporation of carbon 
through air. Such a layer is composed of very small particles only a 
few m^ in size. 

The secondary emission yield of any optically black, microcrystal- 
line layer is much smaller than the yield of a smooth coherent layer. 
Fig. 3.33 shows the yield from soot compared with a smooth carbon 
7-251 1 -, 1 , , 
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Fig. 3.33. Secondary electron emission yield of soot (I) and of a smooth 
carbon surface (II); according to Bbuining [171] 

electrode.. The latter is made by covering a metal target with 
ground graphite in aqueous solution ("aquadag"), and the crystal- 
lites are oriented with their natural cleavage planes parallel to the 
surface of the supporting target. 

Fig. 3.34 shows the secondary emission yield of a black nickel 
layer compared with the yield of a nickel plate. If the "black" 
nickel is heated the secondary emission yield rises, and the original 
black surface shows a grey colour. The very small crystallites have 
united to bigger ones — a sintering has taken place. (Such a sintering 
can be observed with all metals. The sinter temperature is much 
lower than the melting point, though metals with the highest 
melting point show the highest sinter temperature. For example, 
it is possible to heat a black tungsten layer to dull red without any 
noticeable change in structure, whereas a black silver layer sinters 
at a much lower temperature.) 
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The explanation of the small yield from a black layer is illustrated 
in fig. 3.35. Once a secondary electron passes through the surface 
of a smooth layer it meets no more obstacles, but it is quite different 
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Fig 3 34 Secondary electron emission yield from a "black" nickel layer (I) 
■ and a nickel plate (II) ; according to Bbtjining [170] 

for electrons generated in a layer with a labyrinthine structure. 
When these electrons leave the substance they may be again 
intercepted by a surrounding waU. The secondary emission yield 
is nearly independent of the angle of incidence of the primary 




Fie 3 35. Explanation ofthelow.yield of a "rough surface: the electron 
can leave a smooth surface unhindered but with a rough surface it may 
be intercepted by surrounding walls [170J 

electrons, whereas a smooth surface shows an increase of the yield 
with increasing angle of incidence. 

Black layers are useful for lowering the secondary emission 
where it is undesirably high. Some examples of their application 
will be given in Chapter 9. 
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3.4.5. Secondary Electron Emission at the Melting Point and Curie 

Point. 

Several investigators have tried to find a change in the 
secondary emission yield at the melting point and the Curie point. 

The melting point was investigated by Schwitzke [163] and 
MoBOZOV [262]. ScHAViTZKE found jumps in the curves of d 
versus temperature for lead, tin and bismuth. For lead and tin 
6 is greater in the solid state, for bismuth in the liquid state. 
MoROSOV, too, observed a jump in d at the melting point of lead 
and tin, but in the reverse direction from that found by Schwitzke. 
MoROSOV found an increase of the yield of lead passing to the molten 
state and practically no change for bismuth, but this result has not 
been confirmed. 

The effects observed by these authors may be due to a change in 
superficial chemical condition of the target investigated and may 
have nothing to do with the metal itself. 

Changes of d near the Curie point have been observed by Tarta- 
KOWSKY and Kudrjawzewa [91] for nickel, and also by Hayakawa 
[95] for iron, nickel and cobalt. Bao and Vadachari [189] and 
Treloar and Landon [191] however could not observe a noticeable 
effect. 

3.5. TEMPERATURE DEPENDENCE OF THE 
SECONDARY EMISSION YIELD 

Apart from changes of d at the melting point, Curie point, and 
transition points, many authors have reported that they could not 
observe any influence of temperature on the secondary emission 
yield of metals. 

3.6. SECONDARY ELECTRON EMISSION AT LOW 
PRIMARY ENERGY « 10 eV) 

Many authors have investigated thp secondary emission yield d 
as a function of F^, in the lower voltage range. Many of their curves 
show more or less explicit maxima and minima in this range; that 
of Farnsworth [41], for copper, is given in fig. 3.36. 

As was pointed out in Chapter 1 the number of elastically reflected 
primaries is not small compared with the total number. The inter- 
pretation of experimental data is therefore not possible unless 
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these are separated. From a physical point of view the experiments 
are not very significant. The experiments of Farnswoeth fore- 
stalled in a way the well known Davisson-Germer experiments, 
which will not be discussed as they are beyond the scope of this 
book. 

The true secondary emission coefficient d^^^^ can easily be 
obtained by applying the correction formula (1.1). From some 
experiments there is considerable evidence for the conclusion that 
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Fig. 3.36. Secondary emission yield of a copper plate (1) and an 
evaporated layer (2) according to Fabnswobth [41] 

(5true is greater for the metals with a low work function than for 
those with a high work function. When is small the work 
function is apparently a governing factor [169]. 

3.7. SECONDARY ELECTRON EMISSION AT HIGH 
PRIMARY ENERGY (> 2000 eV) 

We have seen in Chapter 1 that at high primary energies the yield 6 
is by no means a measure of the true secondary electron emission: 
the secondary electron emission at high primary energies is accom- 
panied by a considerable number of rediffused electrons. 

The experimental evidence available on the secondary emission 
in this energy range is rather limited. 

In fig. 3.37 the most recent results obtained by Trump and van 
DE Graaef [307] are collected. The full lines refer to the total 
yield d, whereas the broken lines refer to the secondary electrons 
with an energy greater than 800 eV, evidently the sum of elastically 
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and inelastically scattered (rediffused) electrons. From these the 
factor (5 true can be derived by subtracting the ordinates. From 
the results, shown in Table 3.2, 6^^^^ is apparently about inversely 

Table 3.2. Tbue Secondary Emission YmvD 
Estimated fbom fig. 3.37 





■'true 


w 


0-12 


Fe 


0-08 


Al 


0-05 


C 


0-025 



proportional to the density of the element. We must however 
bear in mind the remark made by Palluel [304, 306], that many 
of the true secondary electrons are released by the rediffusing 
aa 
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Fig. 3.37. Secondary electron emission yield at very high primary energies 
[307]; full line— all secondary electrons; broken lines — inelastically 
scattered (rediffused) electrons; curves 1, 2, 3 and 4 refer respectively 
to tungsten, steel, aluminium and graphite 

electrons. The number of true secondary electrons liberated by 
the action of the impinging electrons will be much smaller still. 
At these high energies the true secondary electron emission has 
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nearly disappeared. Older measurements carried out by Schon- 
LAND [37] are qualitatively in agreement with the results obtained 
by Trump and Van de Graaee. 

We thus see that the true secondary electron yield of metals at 
very low is determined by the work function, at very high by 
the density. 

3 8. SECONDARY ELECTRON EMISSION ON THE 
EXIT SIDE OF A THIN TARGET 

If a target consisting of a thin foil is bombarded with primary 
electrons of sufQciently high energy the electrons leaving the exit 
side fall into a slow group and a fast group. The slow group must 
be secondary electrons leaving the foil on the exit side; the fast 
group consists of primary electrons, which have lost a certain 
amount of energy. 

Lenard and his pupils, in particular, have carried out a number 
of experiments on this subject. The most recent one is an investi- 
gation by Wecker [269]. True secondary electrons and transmitted 
primary electrons can be separated on the exit side just as was done 
on the entrance side by Stehbergbr. In Table 3.3 a survey is 
shown of some of the measurements on aluminium foils reported by 
Wecker. 

It can be seen from this series of measurements that the number 
of transmitted primary electrons far exceeds the number of true 
secondary electrons when foils of this thickness are used. The 
increase in transmission with increasing Fj, is to be expected. The 
decreasing true secondary emission yield per transmitted primary 
electron, evident in the second columns of Table 3.3, will be dis- 
cussed in Chapter 6, where the energy transfer of the primary 
electrons is considered. As can be seen from the third columns the 
consequence is that the number of true secondary electrons on the 
exit side per primary impinging electron goes through a maximum. 

It would of course be interesting to know what happens when 
much thinner foils are investigated. Only very few data are avail- 
able but one investigation carried out by Katz [175] may give 
some information. Katz used an electron-optical method to make 
an image of a meshed screen, and found he could use electrons with 
an energy of only 1 eV, even when these electrons had been trans- 
mitted by a thin silver foil. This meant that slow electrons can 
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pass through the foil without any deflection. According to Katz 
this high transparency cannot be ascribed to small holes, as can be 
proved by measuring the energy distribution and the number of 
transmitted electrons. In fig. 3.88 an example is shown giving the 
fraction of transmitted electrons able to reach a collector against 
a retarding field. All electrons with small initial velocities have 
identical final velocities after they are transmitted by the foil. 

Table 3.3. True Secondaby Emission Yield on the Exit Side, 
AND Transmission oe Primary Electrons, for. Aluminium Foils 



3-5 /J Al 



Fj,(kV) 


3> 


is true 


i true 


20 


0-06 


0-38 


23 X 10-3 


30 


0-44 


0-20 


88 X 10-3 


40 


0-64 


0-10 


64 X 10-3 


50 


0-75 


0-08 


60 X 10-3 


60 


0-82 






70 


0-85 






80 


0-87 


0-03 


26 X 10-3 




9-4 


fj. Al 




(kV) 


*transm 


is true 
'transm 


*s true 


20 


0 




0 


30 


0 




0 


40 


0-16 


0-24 


38 X 10-3 


50 


0-40 


0-17 


68 X 10-3 


60 


0-58 


0-12 


70 X 10-3 


70 


0-69 


0-07 


48 X 10-3 


80 


6-78 


0-06 


47 X 10-3 



When electrons impinge at higher velocities it is possible to separate 
the emerging electrons into two groups: one group with low 
velocities, the other group with an energy equal to the energy of the 
primary electrons. 

In fig. 3.39 the fraction of the electrons transmitted without 
any change of velocity (the "free transparency") shows a maximum 
as a function of Vp. This means that any holes present have no 
important influence. If holes were the cause the free transparency 
would be independent of the energy of the primary electrons. 
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The slow moving electrons were considered by Katz to be true 
secondary electrons on the exit side. The sum of slow and fast 
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Fig. 3.38. Energy distribution of electrons leaving the 
"exit side" of a thin foil 

electrons determines the "total transparency". It reaches as much 
as 10% but depends strongly on the treatment of the foil. Katz 
found several foils that were initially completely opaque, but rose 
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Fig. 3.39. Total transparency (upper line) and "free" transparency 
(lower line) of a thin foil; according to Katz 



in transparency when bombarded with electrons (fig. 3.40). This 
was of course a complication which made the results uncertain and 
irreproducible. 
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We must conclude that the secondary electron emission on the 
exit side needs still more investigation. It may be important 
technically if there is need to increase the true secondary current 
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Fig. 3.40. Increase in transparency of a 1500 A thick silver foil, as a 
function of time. I Start: no noticeable transparency; II after half an 
hour's bombardment with a current density of 2 X 10-^ A/mm^, and 
Fj, = 300 V; III and IV after continuing bombardment. According to 

Katz 

beyond the primary current. From the experimental evidence 
we have seen, such a possibility does not seem to exist with metal 
foils; other methods will have to be tried. 
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SECONDARY ELECTRON EMISSION FROM 
METAL COMPOUNDS; REVIEW OF RESULTS 

4.1. INTRODUCTION 

This chapter is devoted to the secondary electron emission from 
metal compounds; we shall find we have to do with an extremely 
complicated phenomenon. Many of the substances are not at all 
stable under electron bombardment. Many are electrical insulators 
with the consequence that surface charge phenomena have a 
definite influence on the secondary emission. Surface structure is 
also of great importance. 

From a technical point of view however these substances are 
even more important than metals, as several of them give a high 
yield so that electron multiplication is possible. 

It may be useful to give first a rough survey of the yields which 
can be obtained. We shall therefore make a classification of the 
metal compounds according to the maximum yields obtainable. 
(Table 4.1). 

The highest value of d^^^ are found with simple compounds of 
the alkali metals, such as oxides, halides etc. The yields are some- 
what smaller from the simple compounds of the alkaline earth 
metals; smaller still from the oxides of aluminium, silicon etc. 
Low yields (comparable with metals) occur from typical semi- 
conductors such as MoSg, WSg, AggO etc. 

Vj- and Vj^ are respectively the lower and higher voltages of 
the primary electrons for which d is equal to 1 . 

4.2. INFLUENCE OF CONDUCTIVITY ON SECONDARY 
ELECTRON EMISSION 

We must now consider the complications connected with secon- 
dary emission from compounds. The lack of conductivity often 
causes the potential of the emitting surface to be ill-defined. 
Fig. 4.1 demonstrates how the potential of the surface of a poor 
conductor may arise. The current flowing to the secondary emitting 
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Table 4.1, Maximum Electbon Yields pbom some 
Metal Compounds 





j 


(F) 


TT 

V 

' V 


Ref. 


Method 


LiP 


5-6 




21 




197, 90 






NaF 


5-7 




20 




197, 90 






NaCl 


6-8 




15 




197, 90 






NaCl , 


6 


600 






210a 




evaporated 
layer 


KCl 


7-5 




Id 




197, 90 




BbCl 


5-8 








197 




CsCl 


6-5 








197 






NaBr 


5-5 








197 






KI 


5-5 




12 




197, 90 








2-3 to 
11 
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* The values of d^^^ in the table are the highest obtained so far (1953). A layer of Cs,0 
frw^^T.^^Tl^'' different ways. The well known infra-red senslt ve photo-cLhode 

CS^ht nlw^^iZ^i''^-^ ^^^^ - Cs - Cs) consists largely of Cs.o! TWs cathode is 

loimed by oxidizmg a silver layer m an oxygen gas discharge, after which the silver oxide is 
J^;h"w ^/o^T^'f vapour. The.layer consists" therefore of a sLTbase covered with a 
^ w"^® °^ CsaO and silver and caesium atoms. Externally caesium atoms are adsorbed With 
other base metals similar layers can be formed. » au»uiueu. vviui 

t Glasses mostly show a secondary emission yield of the same order of magnitude as quartz. 



54 SECONDARY ELEOTEON EMISSION 




Fig. 4.1a, How an increase of conductivity aflfects the secondary electron 
current from a poor conducting substance 



b 
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Fig. 4. lb. How an increase of the potential of the supporting target plate 
affects the secondary electron current from a poor conducting substance 



C 




Fig. 4.1c. How an increase of the collector potential affects the secondary 
electron current from a poor conducting substance 
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electrode (the difference between primary and secondary current) 
is determined by the "dynatron characteristic" (see 2.2). 

^a'-=/(F,). 

It is also determined by Ohm's law and can be represented by 

where F„ — is the potential difference between the cathode 
delivering the primary electrons and the plate supporting the 
secondary emitting layer and R is the resistance of that layer. 




200 -400 600 800 7000 1200 mCN 



Fig. 4.2. Secondary electron yield of a [Ag] - Cs^O, Ag, Cs - Cs surface. 
Curves 1, 2 and 3 show the yield with an increasing amount of oxygen 
absorbed. According to Khlbbnikow and Kobshtjnova [176] 

In fig. 4.1b the dynatron characteristic I and the resistance 
line II have three intersections A, B, C of which B represents the 
unstable, and A and C the stable state. In the low potential state 
A is > 0, or i^; in the high potential state C is \ < 0 or > i^. 

The figures enable different phenomena which are often found 
with insulating materials to be described and explained. Fig. 4.1a 
shows what happens when there is an increase in conductivity of 
the emitting material. A decrease of resistance is represented by a 
clockwise turn of the resistance line from position II to position II', 
so that the point of intersection G becomes C . The secondary 
current actually increases. The results of increasing and decreasing 
resistance have been observed by different Russian authors. An 
example is given in fig. 4.2 of the secondary emission of a substance 
used for photoelectric emission, [Ag] — CsgO, Ag, Cs — Cs. 
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Fig. 4.1b explains the result of an increase of the potential dif- 
ference to a greater value VJ. The phenomenon is most remark- 
able if the surface potential is in the "low" state A; on increasing 
Va to F„' both intersections A and B become imaginary and the 
only possibility is state C". This transition is disclosed by a jump in 

and by a jump of the surface potential, as has been shown by 
Nelson [207]. 
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Fig. 4.3. Energy distribution of secondary electrons emitted by a barium 
layer and a barium oxide layer. In the range > 0 the barium layer 
shows saturation, but not the oxide layer [197] 

Fig. 4.1c explains the result of the increase of potential of the 
electrode for collecting the secondary electrons. It can easily be 
seen that increasing the collector potential means an extension of 
the dynatron characteristic to a position such as The shift of 
the intersection point C to C results in a greater secondary emission 
current; this means in practice that high emitting, poor conducting 
secondary emitting layers are incapable of saturation, as is very 
well known. An example is shown in fig. 4.3. For comparison the 
curve for a metal is shown, which saturates easily. 

From these simple considerations the consequences of low con- 
ductivity can be seen. In some respects, however, the picture has 
been over-simplified. Examples of the way in which this has been 
done may be seen in the discussion of fig. 4.1a, where it was assumed 
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that a decrease in resistance did not affect the secondary emission 
yield; also in fig. 4.1b and Ic, where it was assumed that an increase 
of the potential difference F^, — F„ did not affect the secondary 
emission yield. Another simplification was the assumption that the 
resistance E was well defined. In general this is not so. One has 
to bear in mind that in substances like these the resistance is likely 
to be increased by the electron bombardment itself, i.e. i? is a 
function of i^. 

4.3. REASON FOR HIGH SECONDARY EMISSION 

Why the substances mentioned in Table 4.1 should give such high 
yields is still being vigorously discussed. There are investigators 
who are of the opinion that the high secondary emission is a property 
of the substance itself. They have proposed a theory that allows 
the high secondary emission to be explained in terms of the energy 
level model. This theory will be discussed in Chapter 6. There are 
many others, however, who believe that the only reason for high 
yields is the positive charges left behind by the emission of the 
secondary electrons. These positive charges are conceived as 
forming an electric field which stimulates the emission. This view 
is held especially by the Russians, Timofeew and his collaborators, 
who believe that the alkali atoms in the compounds with high yield, 
if ionized, are the actual bearers of this positive charge. Although 
their experimental evidence is not very convincing, it cannot be 
denied that there are several phenomena which so far have only 
been explained by the presence of an internal electric field in the 
layer itself [285]. 

The most convincing experiments showing the presence of 
positive and negative charges have been carried out by Hinten- 
BERGER [202]. He showed that the surface of an insulator, if bom- 
barded by primary electrons with F^ only slightly greater than 
V/, is first charged up to the potential of the collector; but after 
some time the potential drops at first slowly and then abruptly to 
the cathode potential. For higher potentials, however, the surface 
remains near the collector potential. Hintenberger assumes that 
the jump of the potential with the lower Vp is due to the fact that 
the primary electrons, penetrating to some depth, form a negative 
internal space charge, whereas the surface itself remains at collector 
potential. The electrons arriving later hit the surface with the same 
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energy, but are retarded by the space charge and penetrate less 
deeply. The space charge extends thus to the surface. As the 
space charge layer increases in thickness, the depth of penetration 
diminishes, so that finally the yield drops below 1. When this 
happens the surface potential drops to the cathode potential. 



a 




Fig. 4.4a. ia as a function of V^, showing that if > Fj,«, d <l 
Fig. 4.4b. Potential difference between collector and secondary emitting 
surface when F, > Fj,ii [201] 

Although another explanation of this effect has been offered by 
McKay [6, p. 107], this experiment seems to be one of the few 
which have succeeded in demonstrating the presence of an internal 
field. 

Other evidence for the formation of an internal field is the be- 
haviour of the surface potential in the range beyond Vj-"^. Fig. 4.4a 
shows that if > Vj^, d <l. Let us consider a system with an 
electrode whose configuration is such that when = Vj-^, 
Fg = F/^, Fp being the potential of the collector. If F^ is increased, 
Fj, remains the same, because a rise would mean d>l. Or in 
otherv words the dynatron characteristic remains independent of 
Fg, if Fc > yj^. Determining the potential difference between the 
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collector and the emitting surface as a function of F^ one would 
expect a straight line at an angle of 45° to the abscissa (dotted line in 
fig. 4.4b). The angle found experimentally is however smaller, 
which means that F/^ increases slightly with increasing F,. This 
is a well-known fact in cathode-ray tubes as has been shown by 
Hagen. There is thus a slight increase of d, which can only be due 
to an internal field. 

It does not follow, nevertheless, that this internal field is the 
only reason for the high secondary emission yield. There are 
numerous arguments to be brought forward against this propo- 
sition, in spite of the support it has received. 

First of all there are some insulators, e.g. phosphors like willemite, 
zinc sulphide, etc., whose yield is not high. Another difficult fact 
to explain is the high secondary yield of the well-known photo- 
cathode SbCsg (see Table 4.1), although its conductivity, according 
to a private communication from Dr. H. J. Vink, is as high as 
lOOcm. Thndly, if an internal field is necessary for a high d, it 
seems very unlikely that multiphcation of currents of the order of 
magnitude of one electron per second would be possible, as it is in 
scintillation counters, 

4.4. THIN FILM FIELD EMISSION 
[Malter effect; 129, 13(3] 

A phenomenon which can only be explained by the formation 
of an internal field is the "thin film field emission" discovered by 
L. Malter in 1936. Subsequent investigations have been carried 
out by Mahl [159, 183], Koller and Johnson [156], Muhlenpeordt 
[186], Bruining and de Boer [197], Timofbew [234], and others. 

The electrode used by Malter, which showed the thin film field 
emission, consisted of an aluminium plate with an oxidized surface 
layer, which after having been covered with caesium was again 
oxidized. Such a layer can be represented by the symbol 

[Al] - AlgOg - CsgO. 

Malter himself prepared this layer electrolyticaUy. The aluminium 
was the anode in a saturated solution of borax and boracic acid; 
the cathode was a platinum foil. The thickness depends only on the 
apphed voltage to which it is proportional. Malter has used a 
thickness of about 2000 A. More recently Piore [162] has used a 
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layer of silicon dioxide instead of aluminium oxide, which also 
gave a thin film field emission. 

When such a layer is bombarded by electrons of some hundred 
volts, a current is found if the electrons are drawn by a suitable 
field. This current may be as much as one thousand times the 
primary current. The emission current does not reach its full value 
until some time after the bombardment begins. After switching 
off, so that the electrons fall back on the target, the field emission 
drops instantaneously to zero (fig. 4.6). 



200 
100 
50 



t (curve I) 
3 4 



mm 
6 7 



flA 

t 



20 
70 
5 



/5 



o 



































































































































20 



40 60 80 
— 9-t (curveJI) 



100 



120 m 

mm 



Fig. 4.5. Slowly decreasing field emission current, from a thin film, 
according to Malteb, [130] 

Malteb, suggests that there may be an analogy between this 
field emission and the discharge as found by GiiNTHERSCHULZB* 
and called "Spritzentladung", or "spray discharge". This is found 
in a gas discharge tube, if the cathode is covered by a thin insulating 
layer. The dark space normally present is absent, suggesting that 
electrons are emitted by the insulating layer with sufi&cient energy to 
ionize the gas, so there must be an electric field inside the layer. 
According to Guntheeschulze, this field is established by ions, 
formed in the gas discharge and which are adsorbed by the cathode 



*■ A. Gunthebschulze; Z. Phys., 86, 778, 1938. 
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surface, but Maltbr thinks the field is analogous to that in his oxide 
layer. The positive charge is formed in his case by the high secondary 
emission yield of the caesium oxide, and the thin film field emission 
is therefore a "cold" electron emission which is exerted artificially. 
The internal field in the Malter efl'ect can be observed in many ways. 
Malter himself has noted that the relation between current and 
collector voltage is similar to the current-voltage characteristic of 
"thyrite", but Guntherschulze explains the conductivity in 
thyrite as a consequence of the field emission between the particles. 

If the voltage is raised, spark phenomena can be observed in the 
oxide layer, apparently electric breakdowns. Mahl has measured 
the positive charge quantitatively using an electron microscope of 
special construction (fig. 4.6). For a 2000 A layer potential dif- 
ferences between 10 and 40 V have been observed, and Mahl has 
concluded from energy distribution measurements that the "field 
electrons" are emitted by the aluminium metal base, and enter 
into the vacuum without loss of energy; from this it can be con- 
cluded that there is in fact some kind of a "cold" emission. 

The Malter effect can be demonstrated clearly with an electron 
microscope. Koller and Johnson, and Mahl, showed that the 
"Malter" current is not emitted by the surface as a whole, but by 
discrete points differing in intensity. From any particular point 
the emission is not constant, but varies with time continuously, so 
that the picture shows scintillations. This is demonstrated in fig. 4.6 
which is taken from one of Mahl's articles. In fig. 4.6a at the 
start of the primary bombardment a uniform emission is observed 
(the black bars in the picture are due to a thick wire mesh inserted 
in the primary beam). Some time after the beginning of the primary 
current some bright points of intensive emission emerge, increasing 
with time in intensity and number (fig. 4.6b and c). After switching , 
off the primary current some emitting points remain observable 
(fig. 4.6d). 

There are still several more phenomena left which require a 
further explanation as has been shown especially by Muhlenpeordt. 
He carefully investigated the correspondence between Gunthbr- 
sohulze's spray discharge and the Malter effect. He found that it 
is possible to change the decreasing Malter current into a spray 
discharge by admitting very small amounts of a rare gas, at a 
pressure below 10"^ mm Hg; and that, vice versa, the spray dis- 
charge can be altered into a Malter current by evacuation. Next 
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MtJHLENPFOBDT showed that a decreasing thin film field emission 
could be evoked by bombarding a layer [Al] — AlgOg — Cs^O with 
positive ions. Another important discovery made by the same 
author was the influence of oxygen. If oxygen is admitted at a 
pressure of about IQ-^ mm Hg the Malter current drops three 
orders of magnitude, but does not increase after evacuation. A 
recovery takes place only after renewed electron bombardment. 

This deactivation by oxygen may prove that the caesium oxide 
is partially decomposed by the electron bombardment and that 
free caesium is essential for the appearance of the effect. It is quite 
Mkely that the Malter effect can only occur if a certain quantity 
of gas is present in the tube and the caesium vapour is one of 
the components of this residual gas. The correctness of this hypo- 
thesis has to be tested by more experiments. 

Paetow [208] has made experiments which support this hypo- 
thesis. He regards the Malter effect as a special form of the dis- 
charge which he finds if the cathode is covered with a layer of an 
insulating substance (AlgOg, MgO, glass powder, quartz powder, 
sulphur, bakehte etc.). Paetow distinguishes two kinds of dis- 
charge phenomena. 

(1) A high voltage discharge, which starts at some thousands of 
volts and a pressure of 10~^ to 10-^ mm Hg. This discharge leaves 
the cathode at places where the layer is thin. The discharge is 
very "unquiet", the particles on the cathode flying through the 
discharge space and falling back to the cathode because of their 
positive charge, and covering it with a uniform layer. 

(2) A low voltage discharge, which may start, if the layer on the 
cathode is uniform, e.g. owing to the action of a high voltage dis- 
charge described in (1) above. The maximum current density is 
about 100 mA/cm2, Between IQ-^ mm and 10-2 mm Hg pressure 
the discharge current is nearly independent of the applied voltage; 
no discharge current is found at pressures below 10"^ mm Hg. 

Paetow considers the Malter current to be a low voltage dis- 
charge, basing this conclusion on the fact that the low voltage 
emission shows "decay" phenomena. According to Muhlenpfordt 
the Malter effect shows both a high and a low voltage discharge. 

Though the above investigations seem to be the most important, 
yet other work on the Malter effect is worth mentioning. Boginesco 
[196a] observed a Malter effect by bombarding with negative ions, 
using AlgOg on aluminium as a target. Bbuining and de Boer 



Fig. 4.6. Start and end of thin film field emission: 
(a) start of the primary current; (b) 10, sec. later; 
(c) 60 sec. later; (d) 60 sec. after stopping the primary 
current. According to Mahl [1591 
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observed a Malter- effect with, a MgO layer; the magnesium oxide 
was deposited on a metal plate by burning magnesium metal in 
air (fig. 4.7). 

Finally, mention should be made of an electrode described by 
TiMOFEEW which is also a photocathode. It consists of a layer of 
the type [Ag] — Cb^O, Ag — Cs, prepared in the normal way with 
the exception that the silver was evaporated on to the base when the 
latter was at a temperature of about 100°C. This gives the layer a 
rougher structure than normal. When such a layer is used as a 
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Fig. 4.7, Secondary emission yield of a magnesium oxide layer, obtained 
in an oxygen atmosphere (ctirve II); curve I shows the yield of a smooth 

layer (197] 

photocathode it shows the same phenomena as with the Malter 
effect. 

The time lag effects always present in the Malter effect and the 
lack of reproducibility of performance have up to now made it 
impossible to use this phenomenon for technical application. 

4.5. DECOMPOSITION OF A COMPOUND WITH HIGH 
SECONDARY EMISSION YIELD [197] 

If a layer consisting of a compound of an electropositive metal is 
bombarded with electrons, a decrease of the secondary emission 
yield can often be observed. This happens especially to layers of 
alkali halogenides evaporated in vacuo. If a layer with such a 
"spoiled" yield is oxidized, d rises again. It thus seems correct 
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to assume that the decrease is caused by a separation of alkali 
metal (fig. 4.8), 

The decomposition of the compound, with a consequent decrease 
in secondary emission yield, is one of the major problems when 
electron multiplication is required at high current densities. A 
complete explanation has never been given. Nevertheless we shall 
try to describe what actually occurs in such a layer. 

so 1 [ 1 

t 4-5 — — 
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Fig. 4.8. Secondary emission yield of an evaporated sodium-chloride 
layer, as a function of time of bombardment [197] 

As an example we take a secondary emitting layer of sodium 
chloride. The electrons being emitted as secondary electrons are 
those with the highest energy in the crystal, i.e. those occupying the 
highest energy band, which in sodium chloride are the 3j3-electrons. 
If one of these electrons is emitted, a chlorine atom is left in the 
crystal. We may distinguish two different cases: 

(a) the chlorine atom remains in the grid; 

(b) the chlorine atom escapes. 

Upon the emission of an electron, a positive charge is left behind 
in the grid, which has to be neutralized by an electron dehvered by 
the metal base. In case (a) the electrical neutrality is obtained by 
the recombination of the supplying electron with the chlorine atom 
so that the original situation is restored. In case (b) the chlorine 
atom has disappeared. Neutrality can however be achieved if the 
electron is caught in the hole which was left by the escaping ion. 
The electron now belongs to the six surrounding sodium ions. It 
is what is called a colour centre, and it behaves like a neutral atom 
in a neutral grid. When a number of chlorine atoms have escaped, 
an agglomeration of these colour centres takes place and colloidal 
metal particles are formed with conduction electrons, with the 
consequence that the secondary emission yield drops. From this 
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picture it can be seen how the salt decomposes; chlorine escapes and 
the remaining sodium forms metal particles, causing a discoloration. 

This "printing" has a practical application in the "skiatron"; this 
is a cathode ray tube with the fluorescent powder on the screen 
replaced by an evaporated layer of one of the alkahne hahdes. The 
metaUic discolouration can be used, for instance, to make a radar 
pattern visible. The image can be erased by heating, but this takes 
time, and the system seems of doubtful value for apphcation for 
television projection. 

The oxides of the electropositive metals decompose at a much 
slower rate than the halides, so that they can be used for technical 
purposes. The difference is that the anions of oxides have a double 
negative charge. On the emission of an electron a single charge is 
left which apparently prevents the atom from escaping. 

4.6. PRACTICAL KEQUIREMENTS FOR COMPOUNDS 
WITH HIGH YIELDS 

If an electrode of high secondary emission is required, it can be 
seen from the previous sections that the oxides of alkaH and alkalme 
earth metals are useful. The antimony caesium compound can also 
be used, but cannot be heated to higher temperatures than 50°C. 
The sulphides too might be stable, but sulphur is a well-known 
toxicum (poison) for thermionic oxide cathodes and may not be 
practical from this point of view. 

The oxides of the alkah metals easily form carbonates, and have 
to be prepared inside the tube. The same appHes to barium and 
strontium oxide. The only oxides which can be prepared outside 
the tube are magnesium oxide and beryllium oxide, and these 
oxides are stable at higher temperatures. Magnesium oxide is 
therefore often used in amplifier tubes, although its secondary 
emission yield is not as high as from the oxides of the alkah metals. 

From the previous sections one can conclude that the emitting 
substance must have a certain conductivity, to prevent both thin 
film field emission and the build-up of surface charge which would 
make emission impossible. In general, sufficient conductivity can 
only be obtained by an extra amount of metal, which should not 
exceed a certain hmit, because the secondary emission yield of the 
metal itself is low. This Hmitation of the free metal is the real 
problem of secondary emitting surfaces with high yield, and makes 
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it difficult to get reproducible targets which do not change with 
time. 

From an industrial point of view it is most important to find an 
easy way of making these surfaces. One of the most elegant methods 
has been described by Gille [250] and Mathes [257] and after- 
wards by many other authors . If an alloy of magnesium or beryllium, 
like silver-magnesium, nickel-beryllium, is heated in an oxygen 
atmosphere a superficial layer consisting of the oxide of magnesium 
or beryllium is formed, which will give yields of up to 16. If too 
high yields are aimed at, by long oxidation, a Malter effect may 
start, but there are many variations on this theme. To discuss the 
different methods for getting a proper surface we should have to 
75^ 
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Fig. 4.9. Secondary emission yield of nickel beryllium alloy 

enter the field of technical know-how, which is beyond the scope of 
this book. We must be content therefore to record the Hterature 
[326]. 

4.7. SECONDARY ELECTRON EMISSION FROM THE 
"OXIDE-COATED" CATHODE 
Considerable work has been carried out concerning the secondary 
emission yield from the well-known thermionic oxide coated cathode. 
Such a target consists of a thin layer of barium-strontium-oxide 
about 50 [A, thick, with a resistivity of about lO^O cm at room 
temperature, decreasing to lO^O cm at 800°C. The thermionic 
emission at high temperature is due to the formation of barium 
atoms, these being the actual electron sources.* 

MoBGULis and Nagorsky [185], Pomerantz [300] and Johnson 
[297, 302] have measured the secondary emission yield from the 



* J*. H. DB Boeb; Electron Emission and Adsorption Phenomena, Cambridge 
University Press 1935. 
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oxide-coated cathode as a function of temperature. AU have found 
that d rises with increasing temperature, and Johnson's most 
recent results are collected in fig. 4.10. Johnson has used a micro- 
second pulse technique, the best way of ehminating resistance effects 
of the layer itself. It can be seen that d has a minimum as a function 
of temperature. At room temperature d is observed to decrease 
during the pulse period, evidently because of the positive charge 
on the target surface. At 400°C, where d is minimum no resistance 
effect is left. At higher temperature where thermionic emission is 
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Fig. 4.10. Variation with temperature of secondary emission yield of 
oxide-coated cathode; according to Johnson [302] 

already appreciable 6 rises also. The secondary electron current 
seems to rise' during the pulse and it falls with some retardation 
to zero after the primary current ceases. If is the difference 
between d at any temperature above 500°C and d at its minimum 
value one finds: 

where Q is of the order of 0-7 eV. The "enhanced" yield ^^ is 
proportional to i^, as is the ordinary secondary electron emission, 
but it has some characteristics which are quite different from the 
ordinary true secondary emission: it is practically independent 
of beyond = 200 V; it is about proportional to the steady 
thermionic current. 
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From these properties Johnson has concluded that is the 
result of an enhanced thermionic emission caused by the electron 
bombardment of the oxide material. Under the bombardment the 
emission constants apparently change. One of the changing 
constants may be the number of emission centres, because the 
number of free barium atoms may vary under electron bombard- 
ment (4.5). The proportionality with i^, and the thermionic emission 
and the retardation phenomena during the pulse, fit this explanation 
well. 
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VARIATION OF SECONDARY EMISSION 
YIELD CAUSED BY THE EXTERNAL 
ADSORPTION OF IONS AND ATOMS 

5.1. INTRODUCTION 

It is well known that the photo-electric and thermionic emission 
from metals is increased if ions and atoms of an electropositive 
metal are adsorbed on the surface. The adsorbed layer reduces the 
work function, i.e. the energy required to hberate an electron from 
the metal. If the total fraction of the surface covered is small, the 
adsorbed particles are all ions. The decrease of the work-function 
is in this case proportional to the number of adsorbed ions. With 
increasing coverage atoms begin to be adsorbed and these, too, 
cause a decrease in the work-function, though in a much smaller 
degree. When the atoms become about as numerous as the ions 
the work-function rises again towards what it was for the adsorbing 
metal in compact form. 

The change of the work-function can be observed by measuring 
the photo-electric and thermionic emission, for the thermionic 
current passes through a maximum as the covering rate increases. 
The photo-electric emission passes a maximum even if the surface 
is irradiated with light which is not absorbed by the adsorbed 
atoms or ions. 

If however the surface is irradiated with light that is absorbed 
by the adsorbed atoms, these too emit electrons by the selective 
photo-electric effect. The curve giving the relation between photo- 
electric current and covering rate then has a more comphcated 
■'. form; two maxima may be observed. The first maximum, corres- 
i ponding to the lower fraction of covering is found where the work- 
iunction has its minimum value. The second maximum corresponds 
to the coverage where the occupation is optimum for the selective 
photo-electric effect, 
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5.2. LIBERATION OF SECONDARY ELECTRONS 
FROM ADSORBED ATOMS 

Considering the secondary emission yield as a function of the 
fraction of covering one may ask whether the observed change in 
secondary emission yield is due to the change in the work-function 
or to the emission of electrons by the covering atoms. In this case 
we are considering a covering about one atom thick so that the 
number of electrons liberated from the adsorbed layer can easily 
be estimated by using J. J. Thomson's well known formula:* 



Pi 



(5.1) 



e'V/ VF, 

in which eV^ is the ionization energy of the adsorbed atom and 
the distance within which the undisturbed path of the primary 
electron must approach the atom to be ionized. If this distance is 
smaller than all collisions cause ionization, so that the number of 
ionized atoms is proportional to the area Trp/. With molybdenum 
as the base metal, covered with a monatomic layer of 3-58 X lO^* 
atoms/cm^, and if = 5 V, the number of atoms ionized by each 
^ primary electron is given in Table 5.1. It appears therefore that 

Table 5.1 



10 V 



7„ = 20 V 



V„ = 200 V 



0-23 



0-17 



0-02 



for Fj, = 10 V to 20 V the number of electrons liberated from 
the adsorbed layer is of the same magnitude as the yield from the 
uncovered metal for which S c:^ 0-3. When F^, = 200 V however 
it is far less. 

It will later be shown that the maximum increase of d which can 
be observed as a result of the adsorption of foreign atoms is about 0-5. 

From this it can be concluded that the change of (5, if bombarding 
electrons of some hundred eV are used, is in fact caused by the 
change of the work-function. With primary electrons of low energy 
a considerable number of the emitted secondary electrons may 
originate from the adsorbed atoms. 

* J. Hengstenbekg and K. Wole; "Elektronenstrahlen und ihre Weehsel- 
wirkulig mit Materie," Hand-und Jahrbuch der chemischen Physih, VI A 
page 78, 1935. 
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It is also possible to prove experimentally that the secondary 
emission yield is determined by the work-function. This can easily 
be done, if^ both d and the work-function of the target are measured 
at the same time. Instead of the work-function the photo-electric 
emission can be measured. It has been proved by different experi- 
menters that (5 and the photo-electric emission both have a maxi- 
mum as a function of the rate of covering and that these maxima 
are found at the same coverage (fig. 5.1). This means that the 



2-Or 



40 
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0-50 




Fig. 5.1. Secondary and photo-electric current from molybdenum, as a 
function of time while barium is deposited at a uniform rate; Vj, = 200 V. 
The photo-electric current was measured with the continuous light of an 
incandescent lamp [196] 

secondary emission yield is in fact determined by the work-function 
of the target material. Tbeloar concluded from his experiments 
ithat the mean depth at which secondary electrons were liberated 
|was 1-6 atomic layers, whereas he assumed that d is determined by 
';the work-function. If his conclusion were correct, the liberation 
of electrons from the adsorbed atoms would have to be taken into 
account, which was not done. We shall see however in Chapter 6 
that the mean depth of liberation is much greater than 1-6 atoms. 

Indeed, if the work-function is made as small as possible, practi- 
cally no electrons are liberated from the adsorbed atoms. Table 5.2 
shows that if a surface containing adsorbed atoms is exposed to 
an oxygen atmosphere, the secondary yield drops to the original 
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value of the uncovered metal. Now, if a considerable proportion 
of the secondary electrons from molybdenum with barium were 
contributed by the absorbed barium atoms, one would expect an 
increase of d when the surface was oxidized. The fact that the 
yield after oxidation was nearly down to that of clean molybdenum 
proves that no appreciable emission from the adsorbed atoms 
takes place [196]. 

Table 5.2 



Surface 


s(r„ = 


200 V) 


Molybdenum 






Molybdenum with barium 


1-72- 


1-75 


The same surface oxidized 


1-24 





5.3. INCREASE OR DECREASE OF ,3 WITH CHANGING 
WORK-FUNCTION 
The relative variation of the secondary emission yield is much 
smaller than the variation of thermionic and photo-electric emission 
under similar conditions. This difference in behaviour was first 
observed by Sixths and has been confirmed by many other investi- 
gators. Fig. 5.2 shows the secondary emission yield of tungsten 
with three different coverages of thorium. Atoms which increase 
the work-function, like oxygen on tungsten, have only a slight 
influence on the yield. This is shown by Table 5.3, taken from the 
work of Tbeloar [136]. 



Table 5.3. Vabiation op the Secondaby Emission Yield fbom 
Tungsten, upon Adsobbtion of Oxygen ( V,, = 300 V) 



8 pure tungsten 


1-31 


d tungsten with oxygen covering 


1-06 


increase of work-function due to 




oxygen 


1-78 V 



The small relative variation of the secondary emission yield can 
be explained, according to Sixths [72], on the grounds that the 
energy of the secondary electrons is greater than the change of the 
work-function, which is why its influence is much greater on ther- 
mionic than on secondary emission. This difference can be put 
■into more quantitative form by assuming that the energy distri- 
bution of the secondary electrons is MaxweUian, with a mean energy 
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of 5 eV. A decrease of the work-function by 2 eV then causes an 
increase of the thermionic current (mean energy 0-2 eV) by a factor 
e^^ — 2-2 X 10*, whereas the secondary electron current is increased 
by a factor of only e*^'* ==: 1-42. The photo-electric current excited 
by visible light is also much more sensitive to a decrease in the 
Avork-function than the secondary electron emission. Similar results 
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Fig. 5.2. Secondary electron emission yield of tungsten with different 
coverage of thorium, as a function of F„; 1: 99 = 4-52 V; 2; 93 = 3-30 V; 
3: y = 2-63 V. According to Sixtus [72] 

have been obtained by McKay [276] with tungsten covered with 
sodium. He found a 60% increase in b when the work-function was 
decreased by a factor 2. 

5.4. RISE OF THE SECONDARY ELECTRON CURRENT 
WITH INCREASING COVERING RATE WITH 
ATOMS OF AN ELECTRO -POSITIVE METAL 

Referring once more to fig. 5.1, we observe another difference 
between the photo-electric current and the secondary electron 
emission, besides the one we have just discussed. Near the left of 
the figure, for low coverages, the photo-electric emission rises 
exponentially, but the secondary emission rises linearly. This 
difference in behaviour, too, can be understood in terms of the 
difference in energy of photo-electrons and secondary electrons. 
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The photo-electric emission of a metal surface exposed to the 
radiation of a black body can be written as: 

i^j^ = AT^ exp {-ecpjlcT) (5.2) 

where J. is a constant, T the temperature of the black body and 
Tc the Boltzmann constant. If the surface is hit by a steady shower 
of atoms, the work-function 9? changes linearly with time so long 
as the coverage is small; therefore 

(p = (Po — ct 

c being a constant, and i^j^ can be written as a function of time: 

U')=^I'^exp(-!^?!!L^') (6.3) 

As kT <^ ect an exponential rise can be expected. 

The secondary electron yield can be expressed by the equation 

d = P ex-p {—e(pleV) (5.4) 

where P is a constant and eV the mean energy of the secondary 
electrons. Substituting again for 99, we find 



d{t) = Pexp 



e{(pQ — ct)' 



eV 

Because eV > ect we may write, as a first approximation, 

a(0 = P (1 + exp (-^-?»). 

\ ev / \ ev / 

and d{t) is approximately a linear function of t. 



5.5. SECONDARY ELECTRON EMISSION FROM METAL 
SURFACES COVERED WITH THICKER LAYERS 

In the previous sections we discussed adsorbed layers that were 
only about one atom thick. We must now consider some experi- 
ments with adsorbed layers several atoms thick, which were 
carried out by Suhrmann and Kundt [284]. Knowing that the 
change of work-function had but a slight influence on the secondary 
emission yield, they wondered what would be the influence of a 
thicker layer. In particular they expected that a metal with an 
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adsorbed oxygen layer would exhibit a temperature dependent 
secondary emission, because the exchange between the lattices and 
the oxygen dissolved in the superficial metal layers also depends on 
temperature. 

The authors carried out numerous experiments with evaporated 
layers of copper, gold, silver, cadmium and berylUum. The layers 
were evaporated at 83°K, heated up to 293°K, exposed to oxygen, 

2-6 
2.4- 
2-2 
2-0 



I 1-6 
1-4 



1-2 
7.0 

o-a 

0-6 
0-4 
0-2 

o 

o> 200 460 600 aoov 

Fig. 5.3. Secondary emission yield of copper with adsorbed layer of 
oxygen (according to Suhbmann and Kxjndt) [284] curves 1, 2 and 3 refer 
to copper exposed to oxygen at room temperature 

re-evacuated, cooled to 83°K, heated to 293°K, exposed to more 
oxygen, and so on. After eac"h operation the secondary emission 
was measured (figs. 5.3 and 5.4). 

The result was that copper, gold and silver showed a strong 
temperature dependence. The secondary emission yield of these 
metals at room temperature was nearly independent of the adsorbed 
oxygen. At 83°K however the yield was some ten per cent higher 
with adsorbed oxygen than without it. The metals cadmium and 
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beryllium, with their greater affinity for oxygen, behaved quite 
i differently. Both metals showed an increase in yield at room 
I temperature if exposed to oxygen. The most remarkable increase 
i was found with beryllium, and evidently a beryllium oxide was 
'.formed. The temperature dependence of cadmium and beryllium 
was much smaller than that of the noble metals. Stjhrmann and 
KuNDT concluded from these experiments that the exchange of the 

2-6, p 1 . 1 

2.4 — 

— ^ — ' . 

2'0—~—~y^:^:^^ . 

J.2 f— , 

J.Q j'^^^^^-^iif^-£^'^^^^!^ 

0-a /L . 

0-6 -/i . 

0.4 — , 

0-2 

n l I I I I I I I 

o 200 400 600 aoov 

Fig. 5.4. Secondary emission yield of cadmium with adsorbed layer of 
oxygen (according to Suhkmann and Kundt) curves 1 and 2 refer to 
cadmium exposed to oxygen at room temperature 

oxygen from the surface to the lattice is most sensitive to tempera- 
ture in the cases where there is no question of oxide formation. 

These experiments cannot give an important contribution to the 
knowledge of the mechanism of secondary emission, because the 
structure of the layers was not sufficiently well defined. They do 
however give information about the secondary emission yield from 
targets on which the adsorbed layer is thicker than one atom, 
before the formation of a complete oxide layer has taken place. 
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5.6. SECONDARY EMISSION YIELD OF SOOT 
COVERED WITH BARIUM 

It was mentioned in Section 3.4.4 that the low secondary emission 
yield of soot is due to its finely divided form. If a soot layer is 
gradually covered by barium in the form of barium oxide molecules 
evaporating from a oxide cathode, the secondary emission yield 



0-50 




oL \ 1_ 

O 100 200 300 

f (hours) 

Fig. 5.5. Secondary emission yield of a soot layer as a function of time. 
AB, no electrons hit the anode, and d increases; BG, the anode is 
bombarded by electrons, and 8 drops to former value 

rises. But if while the evaporation is going on the soot layer is 
bombarded by electrons emitted by this oxide cathode (the bom- 
barding voltage being 300 V, and the current density about 
1 mA cm-2) the secondary emission yield remains constant. Under 
the bombardment the barium atoms are apparently migrating to a 
greater depth, as a result of the local heating of the soot particles 
by the bombarding electrons (fig. 5.5., ref. 146). This property of 
soot is useful in those appHcations where a suppression of secondary 
emission yield is necessary (cf. Chapter 10). 
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THEORY OF SECONDARY ELECTRON 
. EMISSION; THE MECHANISM OF 
EXCITATION OF SECONDARY ELECTRONS 

It is unnecessary to emphasize that the development of a theory of 
secondary electron emission is no simple task. Various authors 
have made their contributions. Some theories are more or less 
phenomenological; others are based on a model, either classical, 
or the wave mechanical model of Bloch. No theory has yet been 
found which satisfactorily covers all the observed phenomena. 
There are views, however, which are worthy of consideration since 
they connect the secondary electron emission with other properties 
of solids. 

6.1. DERIVATION OF A UNIVERSAL LAW 

We shall begin by trying to calculate the secondary emission yield 
as a function of V^,, by applying an elementary theory [5, 229, 230]. 

The liberation of secondary electrons occurs by the transfer of 
energy from the primary electrons to the electrons of the lattice. 
The behaviour of the primary electron is determined by its energy 
loss as a function of penetration depth, its absorption and scattering. 
The secondary electrons are scattered, and before reaching the 
surface a fraction will be lost by absorption. Moreover, the work- 
function has to be overcome before an emission is possible. 

We first will determine the amount of energy which is lost by the 
primary electron in a layer having the thickness da: at a depth x, 
fig. 6.1. We assume that Whiddington's law is valid, so that the 
energy of a primary electron eV{x) at a depth x can be expressed by 

[eV{x)]^ = e^V/ — ax (6.1) 

where a is a constant, proportional to the density of the material. 

Next, we must take account of the fact that the number of 
primary electrons diminishes through absorption and scattering. 
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Jonkbr's [321] argument in favour of neglecting these items is 
scarcely admissible, although the experimental data are too scarce 
to settle the matter quite definitely. 

d[eF(a;)] 

The amount of energy produced in the layer will be — — %• 

da; 

assuming that the number of secondary electrons is proportional to 

,1 • . 1 . . . d[eF(a;)] . ^, 
this dilierential quotient, we write %^ = — k The pro- 
da; 



777777777777:^7777777777777777^7, s^^'^ace 



Fig. 6.1 

portionality factor, k, determines the yield of secondary electrons, 
which we will discuss later on. To describe the absorption undergone 
by secondary electrons on their path to the surface from where they 
originate, we shall assume that the number decreases exponentially 
with the distance x to the surface. In the next chapter it will be 
clear that this representation is somewhat oversimplified, but this 
objection does not affect the present argument. 

The influence of the work-function will prevent the emission of a 
fraction of the electrons released inside the material. From experi- 
ments it appears that the energy distribution is largely independent 
of F^. We can thus assume that the fraction which can escape is 
independent of (Chapter 7) so that it can be included in the 
factor K. Consequently we get from the layer da: at depth x a 
contribution to the current crossing the surface: 

d[eF(a:)] 

= Q-^ . da:. (6.2) 

da: 

By using (6.1) eq. (6.2) can be changed into 

di, = l/cai^e-"* (e^Fj,^ — ax)-^ da:. (6.3) 

The range x^^^ of the primary electron follows from (6.1) by 
putting eF(a;) = 0: 

e2F^2 
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The secondary current becomes therefore 



(6.4) 



g2pi^ 2 (11/^ I (X, 

By the substitution x = ~ , (6.4) can be transformed 



into 



0 



(6.5) 



in which r = eV^. 

We now calculate the value of r for which has its maximum : 

r 

d*„ 



d(eF^) 



^2/ ; 



,-7%-=0 for r = eV^ /- = 0-92. 
d(eFj *V a 



(6.6) 



Baroody [315] and Jonkbe [324] have shown the possibility of 
determining a universal curve for as a function of F^,. We there- 
fore write (6.5) in a somewhat modified form 



(6.7; 



r 

where F{r) = e"*"^ J e** dy. So we write 



N a 

Using (6.6) we find, since iji^ra^^ = Sjd^^^, 



d 



1 

F(0-92) 



F 



0-92eFj 

eF_ 



= l-85i^ 



"0-92eF, 

. eF_ " 



(6.8) 
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Equation 6.8 represents a universal curve based on theoretical 
considerations only, and it is striking that a universal curve, applic- 
able to metals, can be found in actual fact (fig. 6.2). There is, 
however, a marked difference between the experimental and the 
calculated curve, particularly at large values of F^,, where the 
experimental values are much higher. One of the reasons may be 
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Fig. 6.2. Universal 6 versus curve; full line according to Baboody 
(eq. 6.8); dotted line according to Jonkeb, (eq. 6.8a); the points represent 
measured data 

that the secondary electrons are liberated by "redifFused" primary 
electrons (Knoll [289], Palluel [304, 305]), which means that 
the general depth of origination is less than one would expect from 
eq. (6.1). 



6.2. DETERMINATION OF THE CONSTANTS 
a AND a 

In our elementary theory of section 6.1, we left out the fact that 
the secondary electrons do not all set off in a direction perpendicular 
to the surface. We now assume with Jonkee [324] that their directions 
are equally distributed in space at the point of origination, and we shall 
see in Chapter 7 that this assumption is justified. Then eq. 6.7 must 
be modified to read: 

4'^*'^,y(^)/(^) (6.7a) 

1 _»f ^ z 

where/(r) = Jdze ^ J ef'dt/andr= //^Uf^. 
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The altered form is due to the fact that an absorption depending on 
the direction of the secondaries in the material has been taken into 
accoimt. 

The maximum value of is now at r ^ 0-71, and we can write the 
xmiversal law (6.8) in the analogous form: 

=^ [^''^'^ /(0-71) = 0-33. (6.8a) 

The smooth curve in fig. 6.2 must now be replaced by the broken curve, 
and this is in somewhat better accord with the observed data. 

For some metals, e.g. nickel and gold, a and a are known. The 
constant a of metals has been determined by Tebbill* for V ^ between 
26 and 50 kV and is about proportional to the density; a is known 
from experiments carried out by BEOKERf and Pabtsch and 
HallwachsJ. For nickel, taking 3-5 x lO^^V^ cm"! for a and 
1-5 X lO*' cm-i for a, gives 1086 F for F^p^ax; this is considerably 
higher than the experimental value which is 500 V. For gold a = 8-9 x 
IQiaya cm-i and a 10*5 gj^gg Fj,max = 2100 V; the experi- 

mental value is 875 V. It is justifiable to doubt whether Tebbill's 
values of a are applicable at voltages so much lower than he used. 
Assuming the measured values for F^^max and a, the values of a for 
nickel and gold may be calculated to be 0*74 x 10"'"^V^ cm and 
1-52 X IQi^V^ cm-i respectively; these are much lower than Tebbill's 
figures. 

The lower values of a are not improbable. Obviously a primary 
600 eV electron can only interact with weakly bound electrons. The 
faster electrons used by Tebbilx, would be able to interact with a 
larger number of electrons from the atom periphery. An electron 
penetrating with only a few hundred volts would thus behave like a fast 
electron inside elements with low atomic number, for which Tbrrill 
himself found low values of a. The constant a must therefore depend 
on Fj, and decrease when F^ decreases. Experiments by Copeland 
[214] concerning the penetration depth of primary electrons in thin 
platinum layers show that, below 1000 V, the range of the primary 
electrons tends to be more a linear function of V ^ than a quadratic 
function; this is essentially the same as a decreasing value of a with 
decreasing F^,. 

Experimental data are clearly inadequate. In principle, a differenti- 
ated determination of a and a is possible by measurements on 
composite targets; experiments have been made with composite 
targets consisting of a base metal with low 5, covered by a layer with 
high b, and conversely (Copeland [214], Bbuining [5]). Tbtjell's [277] 
experiments are of interest in the same connection. Knoll, Hachen- 
BBBG and Randmeb [289] have investigated layers of KCl; they came 



* H. M. Tebrill; Phys. Rev., 22, 161, 1922. 
t A, Beokeb; Ann. Physik, Lpz., 2, 249, 1929. 

t A. Pabtsch and W. Hallwachs; Ann. Physik, Lpz., 41, 247, 1913. 
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to the conclusion that the secondary electrons in a compound like 
KCl are much less absorbed than ia metals; with insulating compounds, 
however, disturbing phenomena such as surface charge effects, de- 
composition (Chapter 4) and induced conductivity (Chapter 10) make 
the experimental technique still more complicated. 

6.3. SECONDARY ELECTRON EMISSION FOR LOW 
AND HIGH 

(a) Low V^. If Fj, 10 V, a simplified expression can be written 
for the function F{t). Experimental eyidence indicates that 
a cm^ lO^^V^ om~"i and of a Ci:: 10^ orar^. Thus r <^ 1 and F{r) c:i r. 
Instead of eq. (6.5) one obtains 

i^ = Ki^eV^. (6.9) 

This result could have been expected, since the depth of penetration 
of the primary electrons and thus the depth of origination of the 

7-00 
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Fig. 6.3. Secondary yields of Ag and Ba, for slow primary electrons [169] 

secondaries are negligibly smaU. Hence the yield is determined by 
the factor k only. 

Measurements in this range of are scarce, but an example is 
shown in fig. 6.3. They show that a metal with a low work-function 
(barium) gives a higher yield than a metal with a higher work- 
function (silver).* Thus with low a certain similarity between 
photo-electric emission and secondary emission is observed. 





















Ba 























* The curves represent the true secondary emission yield since a correction 
has been made for elastic reflection of the primary electrons. 
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(b) High V^. If c::L .10 kV, F{r) can be approximated by l/2r,. 
Hence eq. (6.5) becomes 



(6.10) 



Thus decreases with, increasing F^,, and is j)roportional to a/a. 
Table 3.2 shows that a appears to be dominant over a, since the 
yield increases with the density. The correctness of our considera- 
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Fig. 6.4. Maximum secondary emission of metals, versus density: X (5 for 
Y., - 300 kV; • (5„iax 



tions is however doubtful in this energy range, for the reasons given 
in the preceding section. 

(c) K^y.- I'i'om (6.7) it follows that = kL - 1'(0-92). Thus 

N a 

I CL 

^max IS proportional to /c /-. Experiments show indeed (fig. 6.4) 

that ^ma^x ^ tendency to be proportional to the square root of 
the density (cf. K. G. McKay [6], where d^^^ is plotted as a function 
of the work-function). 

The above considerations show how far the "phenomenological" 
approach goes at present. It leads to a rough description of the 
secondary emission yield as a function of the primary energy. It 
ev§n makes possible a comparison between the yields of different 
metals. 
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6.4. SOME OTHER THEORIES OF SECONDARY 
ELECTRON EMISSION 

Several authors have developed theories of secondary emission on 
the basis of a model. 

First mention will be given to the theories of Kadyschevitz [219] 
and later Baroody [315], who used the Sommerfeld model and 
calculated the energy transfer to, the conduction electrons along 
classical lines. Baroody did not follow his model consistently; 
he could have derived the relation between penetration depth and 
energy of the primary electron, but instead assumed Whidding- 
ton's law. Nevertheless Baroody made an important contribution 
to existing theories, which has already been discussed in section 6.1 
(eq. 6.8). 

Quantum-mechanical theories have been developed by Frohlich 
[87], WooLDRiDGE [212] and Dekker and van der Ziel [323]. 
These authors used the Bloch model for metals and considered the 
collision of a single primary electron with a single metal electron. 
They paid special attention to the direction of the momentum 
transferred; thus in their model the emission of entirely free 
electrons is impossible, since this would be contrary to the law of 
conservation of momentum. We shall give here the principle of 
their calculations, followed by a discussion of the consequences. 

The electrons in the substance satisfy the equation of Schro- 
dinger: 

87T^m 

j^VE -y {1)1^ = 0 (6.11) 

in which the potential F(r) is a function of the coordinates x, y and z, 
periodical with the lattice; r is a vector with components x, y and z. 

Solutions of (6.11) exist for particular values of E, usually called 
E-^, when the function ip takes the form 

1/;,= C/,(r)e^('^-'> (6.12) 

UJjc) has the period of the lattice. Its deviations from its average 
value determine the binding of the lattice electron. The vector k 
is called the wave vector; its components are determined by three 
quantum numbers h^., and k^, each of them having discrete values. 
Any set of k^, k.y and k^ determines the components of the momen- 
tum of an electron. 
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These discrete values of h^, Ic^ and imply that the energy spectrum i 
is discontinuous. It consists of bands, each band being split up into a 
number of levels. The number of levels is equal to where N is the 
number of elementary cells. In a lattice of cubic structure each com- 
ponent of k possesses N values, thus k itself has values. These N { 
values of k are between mrja and {n + l)iT/a, n being an integer | 
characterizing a single band and a the lattice constant. If the "edge" 
of the band is passed, the energy "jumps", so that another band is 
reached. Fig. 6.5 shows the energy spectrum for one dimension. As 

^ ■ |/c|= 




Fig. 6.5. Energy levels of electrons in a solid (one dimensional) 

n increases the bands widen, and the "prohibited" areas become 
narrower. In the three dimensional case the scheme is more compli- 
cated, since the bands may overlap each other. 



For weakly bound electrons U-^{t) 1 : The momentum p of the 
electrons can be written p h'k.l27r and the energy E kp/27rm. 
According to Wooldridgb the wave function of the primary 

—y — > 

electron is represented by ip^. = e^^^'^\ He assumes that its 
velocity is so high that it moves through the lattice as a free electron. 

When the two electrons in positions r, R interact, the perturbation 
potential is the Coulomb energy e^/|r — R|. The probability of the 
transition of this two electron system from the state corresponding 
to the wave numbers k, K to the state k', K' can be determined with 
the aid of perturbation calculus. This probability differs from 
zero if 

(1) k + K - k' - K' + ?^ = 0 (6.12) 

p being a vector with integer components; and 
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(2) The total energy of the particles before and after interaction 
is the same. With a low binding energy this condition leads to 

|k|2 + |K|2 - |k'|2 - |K'|2 = 0 (6.13) 

Equation (6.12) is the law of the conservation of momentum. 
It differs from the expression for free electrons by the additional 
term 27rp/a, which allows the vectors k' and K' to be reversed 
in direction, meaning that the secondary electron can be expelled 
from the surface. Physically it means that a reflection in a lattice 
plane is necessary to make emission possible. Wooldridge shows 
that these transitions will most probably occur if 

— > 

k' k + where I p I = 1 . 
a ' ' 

A lattice electron in this case absorbs the energy Eq from a primary 
electron, where 

/2ttV 

^0 = -— -2 — ■ (6-14) 

In order to expel a secondary electron, the energy of a primary 
electron eF^, has thus to fulfil the following condition: 

eV^ >Eq — e(p, (6.15) 

(p being the work-function. If Vj, were smaller than this the primary 
electron would fall back to an already occupied level, which is 
impossible, by the Pauli principle. If Eq c::::^. 25 eV and 92 ---^ 5 V 
(silver) no secondary emission is possible while < 20 V. The 
most serious objection to this theory is that the interaction of only 
two electrons is considered. In reality more electrons will be in- 
volved at the same time, a problem until now impossible to solve. 
One should also bear in mind that the interaction of primary 
electrons with valence electrons only is considered. 

The agreement between theory and experiment is somewhat 
doubtful. The shape of the theoretical 6 vs. curve is in reasonable 
agreement with experimental results. However, on the other hand 
some experimental results are not in concordance with the theore- 
tical predictions. There is for example no definite experimental 
evidence, that true secondary electron emission starts after has 
exceeded a certain value. There are authors who have indicated 
such a limit (Becker [39, 40], Haworth [125]); in other articles [61], 
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however, no limit could be observed.* Due to lack of information 
concerning the lattice fields the absolute magnitude of the secondary- 
emission cannot be closely predicted. Similarly the energy distri- 
bution of the emitted secondary electrons cannot be accurately 
predicted without a detailed knowledge of the scattering and 
absorption processes, which affect the "true secondary electrons". 

6.5. TEMPERATURE DEPENDENCE OF SECONDARY 
ELECTRON EMISSION 

Many investigators have found the secondary electron yield of 
metals to be completely or almost independent of the temperature. 
This can be understood since the energies of the secondary electrons 
are large compared with kT, where h is Boltzmann's constant and 
T the absolute temperature. The energies of conduction electrons, 
on the contrary, for example, are smaller than hT, and conductivity 
depends strongly on temperature. 

With compounds the situation is more comphcated. Secondary 
electron yield may be temperature dependent because the surface 
charge can be removed or increased by a change of temperature; 
and this can cause a change of the secondary electron emission, 
as we saw in Chapter 4. 

6.6. SECONDARY EMISSION- YIELD OF METALS 
AND COMPOUNDS [1981 

In Chapter 4 we saw that simple compounds of the alkali and 
alkaline earth metals have a high secondary emission yield, but that 
semi-conductors — most of which are derived from metals with a 
high ionization energy — and the remaining metals, show a low yield 
((5 1). In this chapter we shall try to explain the difference 
between these two groups of substances, by using a simple method 
of representation. The method lays no claims to exactness and its 
correctness must be tested by still more experimental data. 

We shall consider how the primary electrons may lose their 
energy in the substance. In compounds with high d, generally 
insulators, the energy bands are either occupied entirely or not at 



* This limit can, however, be observed with certainty with some metal 
compounds, as alkali halides; cf. 6.6. 
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all. A primary electron can thus only transfer its energy by bringing 
an electron from an occupied band to the next unoccupied band. 
We have to determine the probability that the excited electron will 
leave the substance. Now we may imagine two kinds of compounds : 

A. The unoccupied band is at such a level that the electron is 
able to leave the substance without any additional energy. 

B. The unoccupied band is too low, and the excited electrons 
cannot leave the substance without additional energy. 



Vacuum Compound Va cuum Compo und 




Fig. 6.6. Energy diagram of a substance, (a) with high d, (b) with low 3 



Fig. 6.6a and b shows an energy diagram. Band I is the occupied 
band (indicated by cross shading), the unoccupied bands II and 
III are indicated by single shading. Fig. 6a represents a substance 
with a h^gh secondary emission yield, according to A. Fig. 6.6b, 
however, is for a substance with lower yield; in this case the 
"primary electron loses its energy by transferring the lattice electrons 
from band I into band II, from where they cannot leave the substance, 
emission is only possible after transfer into band III. Thus in fig :6.6b, 
only a fraction of the energy of the primary electrons will contribute 
to secondary emission. Some experimental data support this repre- 
sentation. It has, for example, been shown by Fleischmann* that 
light of the longest wavelength absorbed by KBr is able to expel 
electrons from the crystal. MoTTf has calculated for NaCl, KCl, and 
KBr the amount of energy necessary for electrons in the lowest 
level of band II to be emitted. This energy is not zero (as was 
suggested by Fleischmann's experiments) but is only one tenth 
or less of the energy difference between the two bands. 



* R. Fleischmann; Z. Phys., 84, 717, 1933. 

t N. F. Mott; Trans. Faraday Soc, 34, 500, 1938. J. H. de Boek; 
Elektronenemission und Adsorptionserscheinungen p. 182, Leipzig 1937. 
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An interesting example is tlie well known photo- cathode material, 
antimony caesium (SbCsg). It has a high photo-electric yield (one 
photo-electron for ten absorbed quanta in the maximum of the 
absorption band at 3 eV. Now a rough estimate of the secondary 
emission yield can be made from the photo-electric yield. About 
50 electrons can be excited by a primary electron of 150 eV. If 
the same percentage of these is emitted as if they were photo- 
electrons d can be expected to be about 5; a figure of 4-5 has been 
found in fact by experimentation [236]. Thus SbCsg can be classified 
with the substances in type A; it differs however from the alkali 
halides in that the width of the energy band is much smaller. 

With semi-conductors the situation is dijfferent. For CugO d c=l I 
and the work-function is 5-4 eV* but the maximum of the absorption 
band is found at the equivalent of 2 eV. According to experimental 
data the scheme of fig. 6.6b seems likewise to be valid for MoSg-f 

Metals present a more complicated situation. The energy bands 
are only partially filled; and occupied and unoccupied bands may 
overlap each other. According to the theories mentioned so far 
only transitions from one band into the adjacent band are possible. 
More accurate calculations are desirable to determine the minimum 
energy needed for such a transition. Experimentally acquired 
information for the minimum energy can be obtained from Rtjd- 
berg's data [131] by taking the distance between the maximum B 
and the next maximum of fig. 1.3. The table gives the results for 
gold, copper and silver with the corresponding work function: 





Distance between 


WorJc function 




maxima in eV 


(eV) 


Cu 


4-2 


4-30 


Ag 


4-0 


4-74 


Au 


2-8 


4-90 



We thus see that for metals the evidence obtained from experi- 
mental data is not quite satisfactory for the support of the 
supposition concerning the low yield of metals. 



* R. Fleischmann; Ann. Physih, Lpz., 5, 73, 1930. 

t J. H. DE BoEB and W. Ch. van Geel; Physica.'sGrav., 2, 286, 1935. 
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6.7. EXCITATION OF ELECTRONS IN SOLIDS BY 
ELECTRON IMPACT 

Several attempts have been made to demonstrate the presence of 
excitation levels in solids by electron impact. In the case of metals 
a superfine structure in the d-V^^ curve was observed by a number 
of investigators; but other investigators later proved this fine 
structure to be caused by adsorbed gas atoms and not due to a 
property of the substance itself. Ritdbebg, however, using another 
technique has been able to measure excitation levels in metals. 

6.7.1. Rudberg-Slater Experiments [131, 132]. 

The method used by Rtjdbebg is essentially a very accurate measure- 
ment of the energy loss of electrons re-emitted by the metal. These 
are electrons which cause the maximum U in the energy distribution 
curve shown in fig. 1.3. The maximum B is caused by elastically 
reflected primary electrons, so the distance between the maxima 
U and B is independent of the energy of the primary electrons. 
Evidently the maximum U represents primary electrons that have 
suffered the loss of a certain amount of energy. In fig. 6.7 the 
curves for Cu, Ag, Au are given on an enlarged scale, on which the 
maxima B are too high to be drawn. Each metal shows its own 
structure. All the metals show a deep minimum between the 
maxima U and B; this phenomenon has been observed by many 
authors. It can be explained by quantum mechanics. 

Rudberg and Slater have investigated which transition of the 
lattice electrons corresponds with the observed amount of energy 
lost by the primary electrons. They obtain the same result as 
Wooldridge, viz. that the most probable difference in wave 
number before and after the interaction is ^Trnja, where a is the 
lattice constant and n an integer. The minimum between B and U 
explains quite satisfactorily why electrons with an energy of some 
100 eV cannot lose an arbitrary, small amount of energy. The 
theory goes further and shows that a comparison is possible of the 
spectrum of energy loss by electrons with the optical absorption 
spectrum. It is found for gold that these spectra have their maxima 
at the same hv. No correspondence has been found with copper or 
silver, but according to the authors this is due to an inaccuracy in 
the absorption spectrum. 
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Similar curves of energy loss have been measured for CaO and 
BaO. Their minimum is much wider than for metals. Thus the 
minimum energy which can be absorbed by electrons in these com- 
pounds is greater than in the case of metals. This agrees with the 
general experience that these compounds are transparent in the 
visible spectrum and opaque in the ultraviolet. 



t 

N(E) 
O 



O 



O 10 20 30V 

Energy Loss 

Fig. 6.7. Inelastic scattering of primary electrons by gold, silver and 
copper; according to RtrDBEBG 

When considering Rudberg's interpretation of the results, one 
must bear in mind that the- interaction takes place in the four 
superficial atom layers. Thus the levels as observed in this way 
may not be representative for the lattice in the interior of the metal. 

6.7.2. Experiments of Hilsch and Krenzien [90, 157]. 

Very convincing experiments have been carried out on evaporated 
layers of some alkali halides by Hilsch and Krenzien. Hilsch 
measured the secondary emission yield of NaCl, KCl, KI, LiF, NaF 
and CaFg for low values of V^. The results are shown in fig. 6.8. 
At a certain V^, marked with an arrow, the curves drop. Table 6.1 
confirms that the value F^,, where d drops, corresponds exactly 
with the limit of the transparency. Another transition, not essential 
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for secondary emission, is indicated for some substances by a second 
arrow. 

• Crystals of this kind are known to be entirely • transparent for 
light of wavelengths longer than the limit given in Table 6.1. The 
agreement occurs in spite of the fact that electrons with an energy 

O fO 20 30 

60 

40 
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O 
lOO 
BO 

I JOO 
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JOO 
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80 
60 
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40 

0\ 10 20 30 

-^VpiV) 

Fig. 6.8. Drop in the elastic reflection of electrons from layers of alkali 
halides. The position of the arrow corresponds to the long-wave side of 
the absorption band. According to Hilsch 

below the values given in the first column of the table are not able 
to lose any energy by electron impact. Hilsch found in fact that 
such slow electrons either only penetrate into the crystal or are 
reflected elastically. When their energy exceeds that corresponding 
to the limit of transparency, the emission of slower electrons is 
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observed; thus true secondary emission has started or else the 
primary electrons have lost a fraction of their energy. 

Electron transitions of the kind shown in fig. 6.8 are transitions of 
the outer electrons of the negative ions to the next unoccupied 
energy band. E.g. the 3j3-electrons of the negative chlorine ion 
are involved for NaCl, as was mentioned in Chapter 4. 



Table 6.1 



Compound 


Drop in yield 
starts at 


Corresponding 
wavelength 


Limit of optical 
transparency 
(m/i) 


NaCl 


7-3 ± 0-13 


169 ± 3 


170 


KCl 


7-1 ± 0-08 


174 ± 2 


175 


KI 


4-8 ± 0-15 


257 ± 8 


(260) 


LiF 


11-5 ± 0-15 


107 ± 1-5 


108 


NaF 


9-2 ± 0-08 


134 ± 1-5 


132 


CaFa 


10-4 ± 0-05 


119 ± 2 


121-5 



6.8. FLUCTUATIONS IN THE SECONDARY ELECTRON 

CURRENT 

Hitherto the secondary emission yield has been indicated by the 
factor d giving the average number of secondary electrons released 
by one primary electron. The question may arise what fractions 
of the primary electrons release no secondary electron, one secondary 
electron, two secondary electrons etc. This question cannot be 
answered completely; the measurement of the fluctuations of a 
secondary electron current gives, however, some information on this 
point. 

Fluctuations in secondary electrons have been investigated by 
several authors; Aldous and Campbell [107], L. Haynee. [Ill], 
Penning and Kbtjithof [116], Zieglek [142, 143] and Haynek. 
and Kurbelmeyer [162] aU came to nearly the same result. Here 
we follow Ziegleb's method. 

It is well known that the electron current emitted by a ther- 
mionic cathode consists of a number of electrons with charge e 
emitted at random and independently of each other. Such a 
current therefore shows fluctuations in time. Calling the instan- 
taneous current /, the mean current i and the frequency range in 
whicli the measurements are carried out Av, their relationship 



mechanism oe excitation 



96 



can be written 

(flTiy. = 2eiAv. (6.16) 

In order to derive an analogous relation for secondary emission, we 
assume that a fraction of the primary electrons releases 0 secon- 
dary electrons, a fraction one secondary electron etc. Thus 

CO 

2i5„ = l, (6.17) 

00 

i, I n^n = is- (6-18) 

The secondary electrons that are emitted in groups of n give a 
contribution to which is subject to the same fluctuations as a 
group of particles each having a charge ne. For such a group we 
can write (by eq. 6.16). 

(4e - = 27iei„,Ar = 2nh^J^Av. 

The square of the fluctuations of the total secondary electron 
current is found by adding the squares of the fluctuations of the 
conglomerates. Hence 

00 00 

(/. - is)' = 2 (4e " ine)' = I 2n^^,ei,Av (6.19) 

(7^ _ can be measured. There are only three equations (6.17, 
6.18 and 6.19) to determine the fractions ^, which would suffice 
only if n cannot exceed 2. A case can be imagined where a primary 
electron can release at the most two secondary electrons. In NaCl, 
where an energy of 7-3 eV is necessary for one secondary electron, 
not more than two electrons could be released by a 20 V primary 
electron. 

For those cases where n exceeds 2, there is a way of indicating what 
values of n are to be expected. 
Let us consider the quotient 

00 

(6.20) 

n=~0 

which can be determined by measurement. Equation (6.20) ma,y 
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be written as 

00 00 

n=0 0 

or 

'«(,-! 00 Wfl-l CO 

2 + 2 = ? I + g 2 (6.21) 

in which is the first integer exceeding q, i.e. > q >■ % — 1; 
and hence 

■Hq — I «(, — 1 

e 2 '^Pn > 2 

n—O n=0 

CO 

It follows from 6.21 that 2 ^^^i^w # 0, which means that there are 

certainly primary electrons, which have released secondary 
electrons. 

In this way it has been found that, in a barium oxide layer, 
conglomerates of 10 secondary electrons are emitted, whereas the 
mean value d is equal to 5. 

An application of this theory will be given with the description of 
the electron multiplier (Chapter 8). 
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THEORY OF SECONDARY ELECTRON 
EMISSION; DISCUSSION OF SOME 
PROPERTIES OF SECONDARY ELECTRONS 

7.1. ANGULAR DISTRIBUTION OF SECONDARY 
ELECTRONS 

From recent investigations carried out by Jonker on the angular 
distribution of secondary electrons some insight can be gained into 

i 




target 



Fig. 7.1. Angular distribution of secondary electrons (5-15 eV) from 
polycrystalline nickel (Fj, = 100 V); according to Jonkbk [321] 

the behaviour of secondary electrons inside the material. One of 
Jonker's [321] most outstanding results is that the angular distri- 
bution of secondary electrons (i.e. with an energy up to half the 
energy of the primaries) is approximately* a cosine distribution 
and is nearly independent of the angle of incidence of the primary 
electrons. 

As we noted in Section 6.1, the secondaries are absorbed and 
scattered in the material, but in order to escape they must clear 



* Approximately, since there is an indication of a slightly preferred direction 
contrary to that of the primary electrons. This preference is especially notice- 
able, if Fj, is of the order of 500 V. 

t Observations made with polycrystalline nickel having a flat surface. 
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the surface barrier. Like Bakoody [317] we consider two possibilities. 

(1) We suppose that the mean free path for scattering, I, is 
much smaller than the mean free path for absorption, X, thus 1<^X. 
This means that the secondary electrons reach the surface by a 
diffusion process. The angular distribution at the surface before 




target 



Fig. 7.2. Angular distribution of fast "secondary" electrons (45-55 eV) 
from polycrystalline nickel (Fj, = 100 V) according to Jonkee [321] 

emission is then isotropic, resulting in an approximate cosine 
distribution outside, brought about by the action of the surface 
barrier. 

(2) Another possibility is 2.. In this case absorption is 
dominant and only a few elastic collisions take place. According to 
JoNKEK, [324] the result is again an approximate cosine distribution. 
He assumes that the angular distribution at the point of origin is 
isotropic. Owing to absorption it becomes an approximate cosine 
distribution at the surface, but this is not altered by the action of 
the surface barrier. 

Thus angular distribution measurements alone cannot give a 
definite answer to the question which of the two alternatives is 
correct. Other experiments, however, can give more definite infor- 
mation. The experiments of Katz [175], mentioned in Chapter 3, 
indicate that slow electrons having pierced a silver layer about 
0-15 /X thick still retain their original energy and suffer little devia- 
tion ; yet a considerable fraction of the impinging electron gets lost 
due to absorption. This is evidence in favour of the conception 
Z A. Combining it with the observation that the angle of incidence 
of the primaries does not affect the angular distribution of the 
secondaries, one can conclude that the angular distribution of the 
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secondaries at the point of origin is isotropic. This conclusion is 
based on the assumption that the results of Katz' experiments are 
correct. However, this can be doubted, in view of work carried out 
by Was and Tol* ; a further examination of the subject is advisable. 

7.2. ANGULAR DISTRIBUTION OF REFLECTED 
PRIMARY ELECTRONS 

The angular distribution curves measured for elastically scattered 
primary electrons are quite different from those of the true secondary 
electrons. An example is shown in fig. 7.3. Actually one has to 




Fig. 7.3. Angular distribution of elastically and inelastically reflected 
electrons (80-100 eV) from polycrystalline nickel (Fj, = 100 V); according 
to JONKEB [321] 

deal with a kind of Debye-Scherrer diagram made with 100 eV 
electrons. With polycrystalline targets composed of crystals of 
arbitrary orientation, one would expect a diagram with a shape 
independent of the angle of incidence and with an axis of symmetry 
coinciding with the direction of the primary beam. A curve giving 
a satisfactory approximation to this property has been found 
by Jonkee [321], although with a sloping angle of incidence another 
"maximum" is added. 

It is most likely that the reflected electrons contribute to the 
release of secondary electrons, as we supposed previously in Section 
6.1. The slightly preferred direction of emission of the secondaries, 
mentioned in the preceding section, may be due to this effect. 



* D. A. Was and T. Tol; Physica, 'sOrav., 1. 253, 1940. 
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7.3. THE INFLUENCE OF THE ANGLE OF INCIDENCE 
OF THE PRIMARY ELECTRONS ON THE 
SECONDARY EMISSION YIELD 

Numerous investigators have determined the secondary emission 
yield with primary electrons under an obUque angle of incidence 
and }\ave observed a larger yield than under normal incidence [28, 
29, 41, 48, 120, 128, 160, 168, 182]. The reason for this increase is 
obvious. If primary electrons falling normally on the surface 
release secondary electrons at a mean depth x^, when the angle of 
incidence changes to d this depth becomes cos d (fig. 7.4). Fewer 
secondary electrons are now absorbed before they reach the surface. 

The experiments have to be carried out on a target with a smooth 
surface. With a rough surface the angle of incidence is not sufficiently 
well defined, so that the effect of a change of angle of incidence is 
hardly noticeable. It can be shown, for example, that the secondary 
emission yield of a soot layer hardly changes with varying angle of 
incidence, whereas the yield of a smooth nickel carbide layer shows 
a marked increase with an increasing angle of incidence (fig. 7.5). 

Other examples are shown in figs. 7.6 and 7.7. The former gives 
results for different metals compared with soot, by MtiLLBR [160]. 
Fig. 7.7 shows results obtained with lithium for different values 
of V,,. 

It is possible to estimate the depth of origin from the measured 
data [120]. If A is the number of secondary electrons, liberated 
inside the metal by the action of a primary electron, x^ the mean 
depth of origin and dg and the yield with angles of incidence of 
0 and 0Q respectively, one may write 

do = Ae-"^- 

(5e == Ae"*^™ cos d 

so that aa?™ = r C^-l) 

1 — cos d 

The correctness of the method is supported by the fact that the 
estimates of ax^ are nearly independent of Q. Hence x^ can be 
calculated; for nickel, using Becker's value* for a = 1-5 X 10^ cm"'-'-, 
we - find x^ crrf 30 A. 



* A. Beckeb; Ann. Phys., Lpz., 2, 249, 1929. 
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Fig. 7.6. Secondary emission yield versus angle of incidence of the 
primary electrons according to Mulleb [160] 
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Fig. 7.7. Secondary emission yield versus F„ for different angles of 
: incidence for lithium [168] 
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Formula (7.1) may also serve to calculate 6^^, the secondary 
emission yield in the case of a primary beam "falling" parallel to 
the surface. Absorption phenomena are eliminated in this way 
and one would not expect d^^ to show a maximum. 

The experimental results with Hthium however show a maximum 
in the d^^ curve, as in all the others (fig. 7.7). This unexpected 
result has a simple explanation (fig. 7.8). A primary electron 




Fig. 7.8 

impinging on the surface at a large angle of incidence may follow 
path II and remain inside the substance, or it may be scattered along 
path I and leave the substance. In the latter case it has only lost 
a fraction of its energy. Thus the observed yield with a large angle 
of incidence is too small, owing to losses which do not exist with 
normal incidence. 



7.4. VALUE OF F^^^^ WITH VARYING ANGLE OF 
INCIDENCE OF THE PRIMARY ELECTRONS 



In the preceding section we found it was correct to assume that the 
fraction of secondary electrons absorbed was e~°'^ ® when the 
primary electrons were incident at an angle d. This means that 
the calculations given in 6.1 can be altered by putting e"** ^ 
instead of e~"^. Thus equation (6.6) becomes 



eF_./^ = 0.71. (7.2) 
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JoNKER [324] has shown that according to experimental results 

eFjjjjjax is in fact for many metals inversely proportional to V cos 6. 

The 3 versus F^, curves, measured with a different angle of inci- 
dence can also be plotted in the form of the universal curve as has 
been done in fig. 6.2. The curves appear to coincide exactly. 

700 
80 

I 20 



O 5 lO 75 20 25 30 
Energy (eV) «»- 

Fig. 7,9. Energy distribution of secondary electrons enaitted by 
tantalum (I) and molybdenuna (11) according to Kollath 

7.5. ENERGY DISTRIBUTION OE SECONDARY 
ELECTRONS 

The energy distribution of secondary electrons has been measured 
by several authors. In the preceding chapter we discussed the 
energy distribution of re-emitted primary electrons which have 
lost part of their energy by inelastic reflections. We shall here 
confine ourselves to the energy distribution of true secondary 
electrons. 

The energy distribution has been determined both by the method 
of the retarding electric field and the method of deflection in a 
magnetic field, both of which were described in detail in Chapter 2. 
The magnetic method, in principle more accurate than the first one, 
gives the statistics of the energy distribution i.e. the number of 
electrons with an energy between E and E + d^7. One example 
[255] taken from the many available is shown in fig. 7.9. It appears 
that for any particular electrode an identical distribution curve is 
found over a large range of F^,, namely 20 V < Fj, < 1000 V. The 
curve shows a maximum at an energy of some volts; the absence of 
very slow electrons is remarkable. 
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This complete absence of slow electrons might bo due to imper- 
fections in the experimental technique, but this is improbable, 
because similar results have been obtained by several different 
authors. Again, it might be due to a much larger absorption loss 
for the very slow^ electrons. There are, however, various arguments 
against this supposition. 

Eor example, the same energy distribution is found for values of 
Fj,, where the losses due to absorption are negligibly small. Secondly, 
an artificial decrease of the work-function causes an increase in the 
secondary-emission yield not large, but quite distinct. With 
molybdeimm d increases by about 40%, if the work-function is 
lowered by 2 V through the adsorption of barium on the surface [196]. 
With silver the yield is increased by 75%, when the work-function 
of 4-7 V for a clean silver surface is lowered to about 1-4 V by the 
adsorption of caesium* [167]. For a final example, it has been 
found by Russian authors that the most probable energy deci'eases 
when the work-function is decreased [278]. 

It is well known from quantum mechanics that electrons ap- 
proaching the metal-vacuum boundary from inside the metal have 
a certain probability of being reflected. The probability has been 
calculated by different authors for a variety of models, with the 
general result that the fraction of electrons reflected by the surface 
barrier increases if the energy of the electrons is decreased. Thus 
the origin of the maximum energy may be qualitatively explained 
as being due to internal reflection of very slow electrons at the 
surface? 

Kadyschevitz [294] has pointed out that this supposition is 
consistent with the results obtained for dielectrics. We saw in 
Section 6.5 that an electron, moving through the lattice of KBr 
at the lowest level of the empty energy band, can be emitted 
wdthout additional energy. Thus there can be no surface barrier 
for these electrons. Several authors have found the most probable 
energy of emission for compounds with high yield to be in fact 
lower than that for metals. Vudinsky [210a,b] has observed a 
maximum for NaCl below 1 eV, whereas for metals the maxi- 
mum is between 2 and 5 V. (Cf. articles on the same subject by 
Johnson [302] and Geyer [272].) 



* These figures about the change of the work-function are taken from 
J. H. DE BoEE; Electron Emission and Adsorption Phenomena, Cambridge 
University Press 1935, p. 129. 
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7.6. ELIMINATION OF THE INFLUENCE OF THE 
WORK-FUNCTION AND ABSORPTION 

From the preceding paragraphs it becomes clear that observation of 
the phenomena inside the secondary emitting substance is difficult 
if not impossible owing to the work-function and absorption. If 
their influence could be eliminated or reduced, more "inside" 
inforination could be obtained on the behaviour of the secondary 
electrons. Their influence can be reduced as foUows. 

I. In Section 6.1 the influence of the surface barrier on the angular 
distribution was briefly discussed. Since no action of a surface 
barrier on electrons emitted by alkali halides is observed, the shape 
of their angular distribution curve is of special interest. 

II. In Section 6.3 we discussed a method intended to eliminate 
the losses due to absorption by estimating the yield d^, where dg^ 
is the secondary emission coefficient for primary electrons "im- 
pinging" parallel to the surface. 

It is evident that measurements of d for different angles of inci- 
dence of the primaries, carried out on a metal surface with the work- 
function lowered by the external adsorption of atoms of an alkali 
metal, could give some information on the "true" yield. This may 
lead to interesting results as is shown in the following example: 

In the preceding section we showed that d increases by about 
75% if the work function of silver is lowered from 4-7 V to about 
1-4 V. In the imaginary case of a "zero work-function" a yield of 
about twice the yield of a clean silver target can be expected (cf. 
Chapter 5). For = 250 V this would be about 2-2. Assuming 
the absorption coefficient for silver to be the same as for nickel a 
yield (5 go of about 3-4 can be estimated for this "zero work-function" 
silver target. In the same way it can be calculated that 6 
for = 1000 V. 

For compounds with a high yield some data on d^Q are available, 
although these values may not be quite correct because of surface 
charges. For MgO and BaO, values for d^Q of 6-3 and 6-8 can be 
derived, much the same as for silver [168]. Thus, by eliminating 
the influence of surface barrier and absorption we may get an 
entirely different picture of the "true" yield of metals. At present 
it . seems that the "true" yields of metals of high and low density 
(high and low work-function) are markedly different. More investi- 
gations are necessary. However, the above procedure cannot be 
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followed for electro -positive metals, since an artificial lowering of 
the work-function cannot be carried out. Perhaps the theories of 
Section 6.5 wiU provide an explanation of the low yields of these 
metals. 

7.7. ELASTIC REFLECTION OF PRIMARY 
ELECTRONS 

Fig. 7.10 shows the rmmber of elastically reflected electrons per 
primary electron dj.^^, for silver, barium and barium oxide [169] 
for normal incidence of the primary electrons. 

0-60, -T , 1 1 1 —I 1 1 1 1 1 




O 5 70 B 20 25V 

Vp — ^ 

Fig. 7.10. Elastic reflection power (5refl of barium oxide, barium and 
silver [169] for normal incidence of the primary electrons 

For all three surfaces this quantity decreases with increasing 
value of V^. Although silver reflects more electrons than barium, 
BaO reflects many more still. It is noteworthy that Hilsch (fig. 6.8, 
[89]) found that evaporated layers of the alkali and alkaline earth 
halides also possess a very high reflecting power. We have already 
seen that when is below about 10 V the alkali halides show only 
elastic reflection: since no action of a surface barrier is observed 
(6.6), the primary electrons must all penetrate the lattice; thus 
the reflection must be due to elastic scattering in the lattice. With 
increasing however the primary electron can transfer energy to 
the lattice electrons, so that the reflection power decreases. The 
high reflection power up to 90% observed by Hilsch may be due 
to the formation of a negative space charge, by which the electrons 
are pushed back. It would have 'been better to carry out measure- 
ments with a pulse technique. 
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The other curves in fig. 7.10 show the current of electrons reflected 
by silver and barium. This current will presumably consist largely 
of electrons reflected by the surface barrier. The problem of reflec- 
tion of electrons against a surface barrier has been treated theo- 
retically by MacColl* along quantum mechanical lines, on the 
assumption that the potential energy of an electron is constant in 
the interior of the metal, and taking account of the image force 
acting'on an electron outside the metal. His results are qualitatively 
in agreement with the measured data, and with the result that the 
reflection power of a barium surface (with low work-function) is 
lower than that of silver (with high work-function). The measured 
reflection power is larger than the theoretical value, but this can 
be expected since in the experiment the reflected current includes 
electrons which are elastically reflected in the interior of the metal. 



* L. A. MacColl; Phys. Rev., 56, 699, 1935. 
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APPLICATIONS OF ELECTRON 
MULTIPLICATION 

In Chapter 4 we came across several substances with a high secondary 
emission yield {6 c^i 10). It is obvious that these substances make 
electron multiplication possible^. Electron multipliers are widely 
used for the amplification of very small currents, photoelectric 
currents or secondary currents caused by bombardment with high 
energy particles. Electron multiplication has also proved to be 
useful in amplifier tubes. With the aid of substances with d > 1 
it is possible to realize a tube with a negative resistance, which can 
be used as an oscillator. 

Amphfication by electron multiplication has generally the advan- 
tage of being a method, which is very simple compared ■ th the 
"classical" method using d.c. amplifiers or amplifiers with, a large 
band width. In this chapter we shall mainly consider the con- 
struction of different tubes and the requirements to be fulfilled for 
different applications. 

Grid anode 



Caihode 




Fig. 8.1. Photo-electronic cell with single stage secondary emission 
amplification [331, 332] 

8.1. PHOTOMULTIPLIERS 

8.1.1. Photomultiplier with One Stage. 

The simple multiplier in fig. 8.1 has been constructed by Penning 
and KnuiTHOF [331] and Iams and Salzberg [332]. It consists of a 
photocathode, a secondary emitting electrode (usually called a 
"dynode") and a grid-shaped anode collecting the secondary elec- 
trons. Both photocathode and the secondary emitting surface are 
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provided with a silver-oxygen-caesium layer. The electrons emitted 
by the photocathode are partially caught by the anode, however 
the greater part will pass between the grid wires and hit the secon- 
dary emitting electrode; the secondary electrons released will be 
caught by the grid-anode. If the current from the photocathode is 
ig and a fraction s is caught by the grid-anode, the total current to 
the grid-anode 

*a = + <5(1 — 5)*c- 

The amplification iji^ is therefore s + ^(1 — s). 



Dr D3 D5 D7 D9 




d Ds D4 De Dg Dro 

Fig. 8.2. Photomultiplier; C cathode, . . . D^^ d3modes, A final anode. 
According to Zwobykin and Rajchman [334] 

8.1.2. Photomultipliers with more than One Stage 

The amplification can be considerably enlarged by using several 
stages. If the mean secondary emission yield of one stage is 6, a 
gain of d'^ can be reached with n stages. The main requirement of 
a tube with several stages is that the secondary electrons released 
from one dynode must be drawn to the next one, without missing it. 

This requirement has been met in different ways. Zwoeykin 
and collaborators [333] have described several models. The first 
types were tubes with only two stages with electrostatic deflection, 
called the L and T types respectively. The next one was a system 
with magnetic deflection and electrostatic focussing. Adjustment 
of this tube in the magnetic field was rather critical and the system 
can be considered obsolete. A much simpler model was developed 
by ZwoRYKiN and Rajchman [334]. It forms the basic prototype of 
tubes now commercially available (fig. 8,2). The cathode is C, the 
different secondary emitting dynodes are . , , D„. The electrons 
follow zig-zag paths from G to D^, from to etc. The shape of 
the dynodes can be chosen so as to obtain the desired focussing of 
the electrons from one dynode to the next. Tjrpical paths and 
voltages are indicated in fig. 8.3. 

The construction of a tube with the dynodes "lined up" as in 
fig, 8.2 is not very practical. In the R.C.A. tubes now available 
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the dynodes are arranged around a centre to economize space. 
Type 931A (fig. 8.4a) is provided with an internal photocathode 



-JOO _ ioo_ 




Fig. 8.3. Electron paths between dynodes in the multiplier of fig. 8.2. 

and 9 dynodes. A newer type, 5819 (fig. 8.4b), contains a large 
photocathode on the glass envelope, from which the electrons are 
focussed on the first of a series of 10 dynodes. This tjnpe of multiplier 
has been especially designed for scintillation counting and will be 
referred to later [335]. 




Fig. 8.4a. Photomultiplier (R.C.A. 931A), with internal photocathode 

[335] 

There are also dynode configurations where no electrostatic 
focussing is appHed [338]. The simplest form is the Weiss type, 
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where the dynodes are mesh screens with a superficial layer with 
high secondary emission yield. Electrons striking the wires of one 



/ Photo cathode 



Dio 



Dq 



Accelerating 
electrodes ~" 



04 



Fig. 8.4b. Photomultiplier (R.O.A. 5819), with large area photocathode 
on glass end of the tube; C cathode, D dynodes, A anode. According to 

MoBTON [335] 

screen produce secondary electrons, which are , drawn through the 
screen towards the next mesh dynode. In some designs the mesh 
has a hollow shape in order to prevent the electrons diverging from 
the axis of the system (Hartmann [336], Lallbmand [337], fig. 8.5). 




Grid 
dynodes 



Dynode 
(final) 



Fig. 8.5. Hollow shaped mesh screen photomultiplier; according to 
Hartmann [336] and Lallemand [337] 

Another type of unfocussed multiplier employs dynodes having a 
Venetian blind type of structure (E.M.I, fig. 8.6). Very fine screens 
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are interposed between the dynodes, the potential being equal to 
that of the next dynode in order to obtain the most favourable 
conditions for drawing away the released secondary electrons. For 
focussing, a hollow shaped mesh has certain advantages. 




Fig. 8.6. Venetian blind type dynodes (E.M.I, photomultiplier) [338] 

Table 8.1 summarizes the properties of different commercially 
available photomultipliers (according to G. A. Morton [335]). 



Table 8.1. Commbbcial Photomultipliebs 



Tube type 


RCA 
931A 


RCA 
1P21 


RCA 
1P22 


RCA 
1P28 


RCA 
5819 


EMI 
4588 


EMI 
5060 


EMI 
5311 


Cathode 
area (cm^) 


in- 
ternal 
1-9 


in- 
ternal 
1-9 


in- 
ternal 
1-9 


in- 
ternal 
1-9 


tube 
end 
11 


in- 
ternal 
20 


tube 
end 
0-7 


tube 
end 
5 


peak response (A) 
long wave cut-off 
sensitivity {(lAjL) 


4000 
7000 
10 


4000 
7000 
40 


4200 
8000 
3 


3400 
7000 
15 


4800 
7000 
40 


40 


20 


20 


number of stages 
volts per stage 
volts overall 
average gain 


9 

100 
1250 
10« 


9 

100 
1250 
2-10* 


9 

100 
1250 
2-I0« 


9 

100 
1250 
2-10* 


10 
90 
1250 
6-10* 


9 

150 
1500 
~10« 


11 
160 

10' 


11 
160 

10' • 


Capacity: (^/^F) 
collector to — 
last dynode 
total structure 


4 

6-5 


4 

6-5 


4 

6-5 


4 

6-5 


5 
8 




8 




current collected 
max. average {fxA.) 
dark current {fiA.) 


1-0 
0-25 


0-1 
0-1 


1-0 
0-25 


2-5 


0-75 
0-05 


1-0 
0-03 


1-0 
0-01 


1-0 
0-1 


length (cm) 
diameter (cm) 


9-4 
3-4 


9-4 
3-4 


9-4 
3-4 


9-4 
3-4 


15 
5-7 


25-4 
5-1 


22-3 
5-1 


22-3 
5-1 
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8.1.3. Dark Current in Photomultipliers 

Photomultipliers are especially appropriate for raeasuring very 
small photocurrents. The amount of "dark current" left, if there is 
no illumination on the photocathode, is therefore of major interest. 
The causes of dark current have been analysed by Eajchman 
and Bngstrom [339], who mention four different sources: 

,1. Insufficient insulation between the electrodes (giving leak- 
currents). 

2. Ion currents; positive ions originating anywhere between 
the photocathode and final anode will be drawn towards the 
cathode, where secondary electrons will be released by ion 
bombardment. 

3. Field emission at the electrodes due to the electrostatic 
field. 

4. Thermionic emission from the photocathode. 

1. The first component of the dark current can be avoided by 
carefully insulating the different leads to the electrodes and by an 
appropriate mounting of cathode and dynodes in the tube. 

2. To avoid the second component requires a special shape of 
the dynodes. Rajchman pointed out that a sufficient counter- 
measure is to prevent positive ions hitting the photocathode. 

3. Meld electron emission will be found at places with sharp 
edges etc. These should be avoided as much as possible. The 
potential difference between the dynodes must not exceed a certain 
value. 

4. In most cases the most important component of the dark 
current will be the thermionic emission of the photocathode. It 
is well known that the long wave cut-off of the photoelectric 
emission band determines more or less the rate of thermionic 
emission. It can therefore be expected that this component is most 
disturbing in tubes where infra-red sensitive photocathodes are 
used. For this reason the blue sensitive antimony- caesium cathode 
is mostly used; still better is the lithium-antimony cathode which 
has its peak sensitivity even more towards the short-wave end of 
the spectrum [338]. 

A very useful method of avoiding thermionic emission is of 
course an appropriate coohng of the photocathode. It is also 
advisable to prepare the dynode surface so that it is not photo- 
emissive (Tevbs [340]). 
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8.1.4. Fluctuations in the Output Current of a PhotomultipUer. 

For practical purposes it is of importance to know the fluctuations 
in the output current of a multiplier. We shall therefore derive the 
equation giving the current fluctuations using a method indicated 
by Shockley and Pierce [342]. 

We saw in Chapter 6, p. 94, that the fluctuations in a current of 
secondary electrons is described by 



Ai/ = (/, - = 2ei^Av 2 n^^, (8.1) 

0 

where 1^ is the secondary emission current at a time t, and i^, 
are respectively the mean secondary and primary current, e is the 
charge of the electron, Av is the frequency range used for the 
measurement and the fraction of the primary electrons which 
release n secondary electrons. 

By equation (6.16), 2eij,/\v — {1^ — i^)^ = Ai^^. Writing 

00 

— P^* equation (8.1) into the form 

0 

Equation (8.2) expresses the mean square of the fluctuations as 
consisting of two parts; the first part is due to the fluctuations of 
the primary current, and the second part is due to the fact that the 
primary electrons do not all release the same number of secondary 
electrons. If we write — = bd^, (8.2) takes the form 

Ai7 d^Ai/ + 2ei<bdAv. (8.3) 

The noise contribution of each dynode can be calculated with this 
formula. The total noise of the multiplier tube can be calculated 
if d and b are assumed to be the same for all the dynodes. The 
result is 

Ai^, = D^AQ + D^bM/^-^^^^ (8.4) 

where D is the total gain of the multiplier. 

From experimental results obtained by Zworykin, Morton 
and Malter, 6 can be calculated to be about 0-25. This means that 



116 



SBCONDAEY ELECTRON EMISSION 



only a fraction of the total noise is caused by the fact that not all 
the primary electrons release the same number of secondary electrons. 

8.1.5. Uses of the Photomultiplier. 

There are several applications where the photomultiplier has 
distinct advantages over the "classical" combination of a photo-cell 
with an amplifier. This is clearly illustrated when the signal-tp-noise 
ratio is calculated for both systems; as an example [333] we shall 
determine the minimum current which can be amplified, when the 
signal-to-noise ratio may not be less than 5 and the frequency range 
is 10® c/s. Assuming that in the photocell- amplifier system the noise 
originates in the input resistance of 10* Q,, the minimum current to 
the amplifier is 8 X 10~^ A. For the case of a photomultiplier, 
however, with d — 5 this minimum current is 4 X 10~^^ A, which 
is lower by a factor of 200. 

Another advantage of the photomultiplier is its linearity, pro- 
vided that the output current is not limited by space charge, which 
means, for commercial multipliers, not exceeding about 1 mA. It 
is moreover a system which ampHfies independently of frequency so 
long as this is below about 100 Mc/s. This upper limit is not deter- 
mined by the transit time, since the transit time itself acts only as 
a constant delay, but by the spread in transit time of photoelectrons 
starting from different points on the photo-cathode at the same 
time. The problem has been analyzed by Morton [335] for a 
nine-stage R.C.A. multiplier; the difference in transit time for the 
longest and shortest paths amounts to less than 6 X 10~^ sec, which 
is in fair agreement with frequency response measurements. 

For these reasons the photomultiplier is used for amplification of 
light pulses in flying spot scanners, for the transmission of films by 
television. Electron multipliers are also used for sound film and 
telephone communication using modulated light. In astronomy a 
photomultiplier may be a useful instrument for the registration of 
a star passing the centre of a telescope. Astronomers consider it 
possible even to use the photomultiplier for photometry instead 
of photographic film [341]. 

For the measurement of extremely small amounts of light a 
special technique is necessary. Background currents should be 
reduced as much as possible; in order to reduce cold emission the 
potesntial difference between subsequent dynodes must be limited. 
According to equations (6.16) and (8.4) the signal-to-noise ratio 
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can be enlarged by using an amplification system with a limited 
band width.* 

Using a chopped Hght source and analyser combmed, with a band 
width of 1-8 c/s, Engstrom [339] was able to measure 5-9 X lO-i" 
lumen with a signal to noise ratio of 40 db at room temperature. 
This implies a limit of detectability of about 6 X lO-^^ lumen. By 
reducing the temperature of the photocathode to Hquid air tem- 
peratures (so that there is no thermionic emission) this lower limit 
can be reduced to about 6 X lO^i* lumen. 

This illumination level corresponds with an emission of the photo- 
cathode of only a few electrons per second. Photomultipliers can 
thus be used as photon counting devices. In nuclear research 
photomultipliers are nowadays used as "scintillation" counters. 
For this special purpose tubes have been developed with a large size 
photocathode prepared on the glass wall of the tube. The cathode 
is brought into close contact with a fluorescent crystal which is 
excited by the a or /3 particles, the neutrons or y quanta to be 
counted. It must be noted that equal amounts of light at the 
cathode do not result in equal pulses of the output current due to 
the statistical fluctuations in secondary emission yield throughout 
the stages of the tube. With scintillations of equal brightness, the 
pulses observed on the oscilloscope connected with the output of 
the multiplier are thus not equal in height. So there is a statistical 
distribution of secondary emission superimposed on any pulse 
height distribution originating from the light pulses at the input. 

This can be illustrated by an example given by Mokton [335]. Sup- 
pose the crystal is bombarded with 0-6 MeV particles, and the crystal 
produces one photon for each 60 V of energy. Thus 12,000 photons 
are produced by each bombarding particle. Approximately l of these 
reach the photocathode; if the latter has a sensitivity of 30/liA per 
lumen, corresponding to a quantum efacieney of 6 per cent, 240 electrons 
will be released. Supposing that half of these, i.e. 120 on average, 
enter the multiplier, the standard deviation from this number can be 
taken as Vl20, i.e. 9 per cent of the average. Morton has calculated 
that the "secondary emission" distribution increases this deviation by 
about 2-2 per cent. In other words the output pulse distribution will 
have an r.m.s. deviation of 11-2 per cent. 

The advantage of the scintillation counter over the Geiger-Miiller 
counter is that the pulse height obtained with the former can give 

* At room temperature the noise includes fluctuations originating from 
both the thermionic and photoelectric current. 

■ 9 
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some information on the energy of the counted particles. Moreover 
the rapidity or "resolution" of the scintillation counter (10"^ sec) 
is much higher than that of the Geiger-Miiller counter (10-* sec). 
Hence it is logical to use the scintillation multipher in combination 
with a fluorescent crystal with a very short decay time. As crystals 
with a decay time of the order of 0-1 or 0-01 fj.B (microsecond) have 
generally an emission band in the violet or the ultraviolet, it seems 
best to combine them with a photocathode with a peak response in 
the violet range, like antimony- caesium or antimony-lithium. Such 
cathodes have the important additional advantage of a low dark 
current. 

8.1.6. Electron Multiplication in Image Converters. 

An image converter is a tube in which the image of a photocathode 
is formed on a fluorescent screen by means of an electron optical 
lens. One use of image conversion, for example, is in the sniper- 
scope; the photocathode is in this case sensitive to the infra-red, 
emitting photoelectrons from any places that are irradiated with 
infrared light. The phosphor on the fluorescent screen is one that 
has its emission band in the visible part of the spectrum, so that 
objects radiating in the infra-red are made visible. 

In such a tube it may be advantageous to mount an electron 
multiplication system, especially for radiation of low intensity. 
The multiplication problem in this case is particularly difficult as an 
electron picture has to be imaged without distortion via several 
dynodes on to an anode. 

CoBTERiEE, and Teves [344] provided a solution to this problem, 
which we shall not treat in detail. Much of the definition of the 
original "object" on the photocathode will unavoidably be lost, 
because the relatively high starting energies of the secondary 
electrons result in a considerable chromatic aberration. In the 
case of an infra-red sensitive photocathode at room temperature 
the "background" current will be amplified as well, so that no 
better contrast will be obtained. However, a brightness amplification 
may be useful for the convenience of the observer. 

8.1.7. Multipliers Using a Secondary Emitting Cathode. 

In all the preceding sections we have confined our discussion to 
multipliers with a photoemissive layer on the cathode. If high 
energy particles or high energy photons are to be counted, however. 
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a photocathode is not strictly necessary; secondary electrons are 
released from any metal, for instance, by the impact of a or ^ 
particles or y rays. Several authors have described multipHers with 
a secondary emitting cathode. Allen [346, 347] has used such a 
multipher for counting purposes in a mass spectrograph. Bay and 
Rann [345] for counting high energy photons. Recently other 
applications have been described by Stone. 

An advantage of this kind of multipher over those with a photo- 
cathode is that nearly all thermionic emission can be ehminated 
by using the silver berylMum alloy, see Chapter 4, p. 65, as a secon- 
dary emitter and by avoiding all caesium metal. A disadvantage is 
that the number of secondary electrons per incident particle may 
be far below unity, so that only a fraction of the incident particles 
are registered. 

An important apphcation of such a multiplier is found in the 
image orthicon (Chapter 10, p. 143), where the return beam, con- 
sisting of electrons of some 100 eV, is multiphed. 

8.2. "DYNAMIC" ELECTRON MULTIPLIERS 

The multiphers described in the preceding paragraph all use direct 
voltages between cathode and the dynodes. Another type of tube, 
described by Farnsworth [349], uses alternating voltages of very 
high frequency but has a simpler internal construction. 



c 
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Fig. 8.7. Dynamic multiplier, according to Fabnswobth [349] 

Fig. 8.7 shows one of the constructions proposed by Farnswobth. 
It consists of two electrodes G and a cylindrical anode. The magnetic 
fiield of a coil M has to focus the secondary electrons released from 
one of the electrodes on to the other. Between the plates C an 
alternating voltage of very high frequency is applied, which acceler- 
ates the electrons from the first electrode on to the second; the 
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voltage is reversed as electrons are released from the second elec- 
trode, and these return .accelerated to the first; and so on. The 
anode has such a potential as to draw a suitable proportion of the 
oscillating electrons to itself. The tube certainly has the advantage 
of simphcity, but the external circuits are necessarily rather com- 
plicated. Another disadvantage is that only a fraction of the photo- 
electrons are amplified, namely the electrons emitted within 32° 
of the optimum phase (Hennebbrg, Orthubeb and Stbtjdel [351]). 
If this system is used as a counting device, the quenching of the 
current requires special precautions. On the whole, it seems that 
the straightforward electron multipHer has distinct advantages over 
the "dynamic" type. 

The internal construction of the tube we have just discussed is 
rather similar to that of a system which can be used as a manometer 
(F. M. Penning; Philips Techn. Rev., 11, 116, 1949). This tube likewise 
consists of two electrodes G, both acting as cathodes, and a cylindrical 
anode. A similar magnetic field is used. The electrons released at the 
electrodes C are made to cover long distances before reaching the 
anode, so that their chance of hitting a gas molecule is great. Even at 
pressures of 10~^ mm a gas discharge can be developed, which opens 
the possibility of using this system as a manometer at extremely low 
pressures. The dimensions of the Farnsworth tube make it likely 
that an unwanted gas discharge will be excited within it. 

8.3. AMPLIFIER TUBES WITH SECONDARY 
EMISSION AMPLIFICATION [352-355] 

A surface with high secondary emission yield may also be useful in 
radio tubes with thermionic emitting cathodes. Fig. 8.8. shows the 
scheme. Basically such a tube consists of a cathode, a control grid, 
a secondary emitting dynode and a final anode. It can easily be 
shown that such a tube has a greater mutual conductance than a 
tube without secondary emission amplification using the same 
anode current. The cathode current can be expressed as 

where A, h and p are constants. Vg is the potential difi"erence 
between cathode and control grid. Without secondary emission 
amplification the mutual conductance is: 

^ ^ = ApiVa + hy-^ = Aip i^. (8.6) 
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With secondary emission = di,, so that 

d* ^'-i 

^^ = S^I^A^I^pi^p . (8.7) 

For the same anode current the mutual conductance is therefore 
increased by a factor d^^^; e.g. if 5 = 5 and = 1-6 the mutual 
conductance is greater by a factor 2-6 than in a similar tube without 
secondary emission. 




Fig. 8.8. Elementary construction of secondary emission amplifier tube 

It is of importance that if secondary emission multipHcation were 
used a higher mutual conductance would be obtained without higher 
input capacitance, which means that this type of tube would be 
useful for amplification in the high frequency range. However, the 
number of stages would be hmited, since the construction would 
tend to be too compHcated, and the total voltage to operate the 
tube to be too high. Moreover, it would be difficult to meet the 
requirement that contact potential differences and secondary 
emission yield of the dynodes must remain constant within narrow 
limits. 

Several models of "secondary emission tubes" have been pro- 
posed. One of the simplest forms is a cylindrical construction, in 
which the final anode is a grid, and the dynode is a plate surrounding 
the internal structure (fig. 8.8). This system has the disadvantage 
that a fraction of the primary electrons emitted by the cathode C 
are caught by the grid anode and never hit the dynode, whereas 
the secondary electrons emitted by the dynode may pass through 
the openings between the wires of the grid anode, return and fall 
back to the dynode. Many investigations with this kind of con- 
struction have shown that barium atoms evaporating from the 
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oxide coated cathodes gradually cover the inner surface of the 
dynode so that the secondary emission yield decreases during its 
life. Mueller [355] has shown that long life can be obtained by 
reducing the temperature of the cathode. According to unpublished 
data of Veenemans [354], caesium oxide can have a long life, pro- 
vided the temperature of the dynode is below 180°C and an additional 
layer of finely divided nickel, capable of binding small quantities 




Fig. 8.9. Secondary emission tube; G cathode, control grid; screen 
grid; *S shield; P plate; D dynode; ^ anode. According to Jonkee and 

VAN OVEBBBBK [353] 

of caesium, is in the tube. During life the caesium-oxide is pre- 
sumably replaced by barium oxide. 

Both the above difficulties can be overcome by the construction 
illustrated in fig. 8.9, where the dynode is shielded from the cathode 
by a shield ;S^. In such a tube the electrons emitted by the system 
[cathode C, control grid G-^ and screen grid reach the dynode D 
through the curved electric field formed by an additional plate P 
at cathode potential. The evaporating barium atoms, being neutral 
particles, travel in straight lines and cannot reach the dynode. 

Eig. 8.10 shows the structure of a tube described by Jonker and 
VAN OvERBEBK [353], where the contamination of the dynode is 
only shght and the final anode is a plate, so that "oscillating" 
secondary electrons are avoided. Each of the two beams emanating 
from the cathode is split into two parts, one to the right and one to 
the left of the small ribbon shaped anode. They impinge on the 
inner wall of a gutter-like dynode. 

There are many uses for "secondary emission tubes", but it 
would be going beyond the scope of this book to mention them aU. 
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The interested reader can find a survey in a recent article written 
by VAN OVERBBEK [354]. 




Fig. 8.10. Secondary emission tube, according to van Ovebbeek [354] 

8.4. THE DYNATRON [356] 

It was pointed out in Chapter 2 (fig. 2.8) that in a secondary emission 
tube the dynode current decreases as a function of the dynode 
voltage, if the latter is below the anode voltage. In this range the 
tube shows a negative resistance. By virtue of this negative resist- 
ance the tube can be used as an oscillator. In fig. 8.11 a circuit 




Fig. 8.11. Dynatron circuit 

is shown where the dynode is connected with an inductance L and 
a capacitor 0 in parallel. If now the absolute value \R\ of the 
negative resistance is greater than the quotient LjCr (r being the 
ohmio resistance of the coil) the damping of the system is negative 
and oscillations start. This type of oscillator is not often used since 
the amplitude of the oscillations depends on the secondary emission 
yield of the dynode surface, and no way has yet been found of 
keeping this suitably constant during its life. 
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Using a secondary emission tube with small interelectrode dis- 
tances, DiEMEB and Jonkeb [358] determined the upper frequencj?- 
limit of a dynatron oscillator. They found this was 2400 Mc/sec; 
this means that if there is any time lag at all in the emission of 
secondary electrons from compounds it must be smaller than 
3 X 10-11 sec. A time lag of the same order of magnitude has been 
found by Gbeenblatt and Miller [350]. 

8.5. CONTACT VALVES AND SWITCH VALVES [359, 360] 

In telephone exchanges electrical contacts are nowadays generally 
established mechanically. Mechanical contacts are vulnerable if 
they are exposed to air and dust, are liable to wear, and always 
show a certain inertia. A low impedance all- electronic contact 
can be obtained with a tube with secondary emitting surfaces. 

In order to explain the operation of such a contact tube we refer 
to the "dynatron" characteristic, mentioned in Chapter 2. 

Let us assume that the dynode electrode is connected to a fixed 
voltage F^, through a resistance R. We saw in Chapter 4 (fig. 
4.1c) that the potential which the dynode takes up is determined 
by the intersection P of the dynatron characteristic and the straight 
fine representing Ohm's law (fig. 8.12). By choosing a suitable value 

t dynode 

t 




Fig. 8.12. Principle of potential stabilization in switch tube. 

for B and by a proper geometry of the tube one can arrange that 
the dynode attains a potential equal to the potential of the 
cathode collecting the secondary electrons. If the anode changes 
its potential, it is followed by the dynode, which means that a 
contact has been established between the two electrodes. Thus 
by switching on and off a primary current from the cathode, one 
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obtains a contact, without inertia, between the anode and dynode. 
Fig. 8.13 shows a practical appHcation, where an incoming signal 
over the line i^, connected with the anode, leaves the tube via the 
dynode, along the fine L^. 

The above example makes use of a tube which makes contact 
unidirectionally. However, for many applications a bi-directional 
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Fig. 8.13. XJni-directional switch tube; a anode, d dynode [359] 

contact is required, in which case the electrodes d and a must be 
able to exchange roles. Fig. 8.14 shows a structure where this is 
arranged for, and where a signal may be passed from to 
Just as well as in the reverse direction. 

It is obvious that the internal resistance should be as small as 
possible, which means that the slope of the curve near the point of 




t I t 

Primary current 

Fig. 8.14. Bi-directional switch tube. The electrodes d, a can both act 
as either dynode or anode [359] 

intersection P (fig. 8.12) should be as steep as possible. Thus the 
construction of the electrodes in figs. 8.13 and 14 has to be such as 
to make the exchange of secondary electrons as efficient as possible. 
A high secondary emission yield is also favourable. 

This principle of switching by means of secondary electron 
emission can be applied in different ways. Out of the many possible 
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examples we may mention a "selector" tube (fig. 8.15), where a 
number of electrodes Wj, . . . (contacts) can be connected with 
an electrode r. The cathode c is the source of primary electrons; 
the electrodes e-^ and form a ribbon-shaped beam which is given 




Fig. 8.15. Selector tube. The ribbon shaped primary beam p hits one of 
the electrodes . . . »]_2>"w^i^'li high secondary emission yield; the electrode 
under bombardment thus assumes the potential of the screen grid r. 
The suppressor grid and shield is at cathode potential. Other letters: 
c cathode, e^, eg, electrodes for beam formation, df^ and d/2 deflection 

plates [360] 

a controlled deflection by plates and (as in an oscillograph 
tube). The anode r is provided with shts, each sht opposite one of 
the secondary emitting electrodes % . , . n^. Thus by giving the 
beam the right deflection any one of the electrodes n can be selected 
for connection with r. 
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SOME EXAMPLES OF SECONDARY 
ELECTRON EMISSION CAUSING 
DISTURBING EFFECTS 

In the previous chapter we discussed the appHcations of surfaces 
with high secondary emission yield, and cases where secondary 
electron emission plays an essential part in the operation of a tube. 
There are other cases where secondary electron emission may cause 
disturbing effects and where it should be eliminated as much as 
possible. No substance has yet been discovered which is without 
secondary emission, though there are many with fairly low yield. 
Special constructions, too, can be used to avoid the transition of 
secondary electrons to whatever other electrode or insulating sur- 
face they must not reach. 

9.1. SURFACES WITH LOW SECONDARY EMISSION 
YIELD [5, 361] 

We have seen already that metals have a lower secondary emission 
yield than insulators. This can be decreased still further by super- 
posing layers of very small particles, like soot. The lowest yield 



Fig. 9.1. Surface with low secondary emission yield 

of all could probably be obtained with a layer of finely divided 
lithium, but lithium in finely divided form is very easily oxidized 
and the result would be the reverse of what was wanted. Soot is 
highly stable, and furthermore its secondary emission yield does 
not increase if it is exposed to barium atoms evaporating from an 
oxide coated cathode (Chapter 5). However, for many purposes 
the secondary emission yield of soot is stiU too high. The electrode 
shown in fig. 9.1 gives better results. It consists of a metal plate 
on which small plates are mounted perpendicularly. The surface 
is completely covered with a soot layer, so that the space between 
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the plates is not filled. Fig. 9.2 shows the dependence on Fj, of 
the secondary emission yield of such an electrode [5]. 

h 

t 



0-23 - 




Fig. 9.2. Secondary emission yield from electrode in fig. 10.1 

9.2. CHARACTERISTIC OP A DIODE 

It is well known that in a diode, where the anode current is limited 
by space charge, the anode current increases as F„^^^ where F„ 
is the anode voltage. Accurate measurements by several authors 
[362, 363] have shown that in the ig^, F„ characteristic a small 
anomaly is often present at a F„ of about 10 volts (fig. 9.3). Although 



ia(rr)A) 




2SV 



Fig. 9.3. Anomaly in diode characteristic; according to Jonkeb. [364] 

different suggestions as to the cause of this anomaly have been 
made, it now seems fairly certain that secondary electrons from the 
anode are of a considerable influence. Jonker [364] has shown 
that the anomaly is not found where a tungsten cathode and no 
getter material is used. Apparently secondary electrons originating 
from BaO or MgO evaporated on to the inner surface of the anode 
cause this effect. The energy distribution of secondary electrons 
at low primary voltage is of special interest since we can expect 
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that elastically reflected electrons can in principle reach the cathode 
and so contribute for a second time to the space charge round it, 
whereas slower moving secondary electrons cannot. Most of the 
substances with a- high secondary emission yield show a high 
percentage of reflected primaries at low primary voltages, which 
drops suddenly at about 10 volts. Thus it can be understood that 
at 10 volts a slight rise of %^ is found. At higher voltages, where the 
true secondary emission increases rapidly, another decrease of 
can be expected. 



9.3. SUPPRESSION OP SECONDARY ELECTRON 
EMISSION IN TETRODES [365, 366] 

An example of a case where secondary electron emission has to be 
suppressed as efficiently as possible, is the tetrode, especially the 
tetrode used for amplification of large voltages. The inner structure 
of such a tube consists of a cathode c, a control grid g^, a screen 
grid and . an anode a (fig. 9.4). 




Fig. 9.4. Tetrode 

Pig. 9.5a shows the anode current as a function of the anode 
potential F„ for different values of F^^ (potential difference between 
control grid and cathode). With increasing F^ there is a rise of 
since of the electrons emitted by the cathode an increasing 
fraction is able to reach the anode. However as F^ increases 
still further the anode starts to emit secondary electrons, 
which are caught by the screen grid so long as F^^ > F„, where 
Fg^ is the potential difference between screen grid and cathode. 
The consequence is a horizontal section of the ^^-characteristic, 
which in some cases may decline. When F^^ becomes about equal to 
Y g , no secondary electrons from the anode can reach the screen 
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grid; then rises rapidly. With F„ > F^^ a slow rise ofi^^ is observed. 

We shall discuss first the situation where a resistance is inserted 
in the anode circuit. In this case i^^ is determined by the inter- 
section of the characteristic under consideration and the straight line 



where F^' is the external voltage in the anode circuit and B is the 
load resistance. Obviously a distortion-free amphfication can only 
be obtained if is a linear function of (such as in fig. 9.5b) and 
not as complicated as in fig. 9.5a. If the anode circuit is loaded 
with a self induction (e.g. a loud-speaker), current and voltage are 
not in phase and the straight fine as in figs. 9.5a and b becomes an 
eUipse. In this case, too, a distortion-free amplification is obtained 
only if the relation between »^ and F„ is hnear (fig. 9.5c). 

Thus amplification without distortion can only be reahzed by 
suppressing the transition of secondary electrons from anode to 
screen grid and the reverse. This is possible by inserting a third 
grid at cathode potential (or nearly cathode potential) between the 
screen grid and anode. The secondary electrons, having a much 
lower energy than the primary electrons, cannot pass this third 
grid and are "pressed back" to the electrode from which they are 
released. The diagram of such a pentode is shown in fig. 9.5b. 

If the alternating part of the anode voltage is very large, the 
potential in the plane of this third "suppressor" grid may be higher 
than the anode potential in the half wave where the anode potential 
is low. The consequence is that secondary electrons from the anode 
can still escape to the screen grid. By covering the anode surface 
with a soot layer (low d) the straight part of the characteristics can 
be extended to a lower voltage, so that such a tube is able to yield 
a greater power (fig. 9.6) than a tube without soot cover [365]. 

The action of secondary electrons may also be disturbing in 
tetrodes used for high frequency amplification in radio receivers. 
The ampHtude of the high frequency voltages is in most cases much 
smaller than of the audio-frequencies considered above, and the 
action of secondary electrons has a quite different influence. The 
so- called high frequency tetrode is (or has been) used with F^ > F^^. 
Under this condition the characteristic has a shape as shown in 
fig. 9,7a. The characteristic does not run parallel to the F^-axis, 




Fig. 9.5a. Anode current 
function of V,, in 
a tetrode with different 
potentials F^/^ of the con- 
trol grid, and a constant 
screen grid potential Vy.^. 
The straight line = 
( Va'~ V„)IE shows that 
there will be distortion 
when the anode circuit 
is loaded with an Ohinic 
resistance R. According 
to JONKER [361] 
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Fig. 9.5c. The same cur\'es 
for a pentode. The ellipses 
indicate distortion-free am- 
plification when the ano<le 
circuit is loaded with a self- 
induction 
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since the secondary electrons, released from tke screen grid at the 
side facing the cathode, are drawn through the grid wires in order 
to reach the anode. Therefore the secondary electron current from 




Fig. 9.6. Anode current as a function of Curve 1: anode surface 
uncovered. Curve 2: anode surface covered with a soot layer. According 

to JONKEK [365] 

screen grid to anode cannot easily be saturated. In most of the 

di 

cases the anode resistance of the tube, — , does not exceed 0-2 MQ. 

A high frequency tube is used with an LC circuit in the anode lead. 
If the tube has a low internal resistance, this circuit is damped 




Fig. 9.7. (a) Anode current as a function of for a tetrode {F„ > Vg^). 
(b) The same curve for a pentode 

and the selectivity deteriorates. Obviously the internal resistance 
can be increased by preventing the transition of the secondary 
electrons. 

For receiving purposes the tetrode has been completely super- 
seded by the pentode, with a grid at cathode potential between 
screen grid and anode. The inner resistance is now of the order 
of 2 MO (fig. 9.7b), quite sufficient for tubes in common receivers. 
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An additional advantage is that the currents to screen grid and 
anode in the pentode stay in constant proportion. In the tetrode 
this proportion fluctuates during life because the secondary emission 
yield of the screen changes as it is exposed to a constant stream of 
barium atoms evaporating from the cathode. 

In high power, high frequency tubes for transmitting purposes, 
a tetrode may be preferred to a pentode, since the capacitance of 
the anode versus the other electrodes is smaller. In this case a 
covering of the anode with soot gives good enough results, the 
requirements being less severe than in the audio-frequency range. 
Another method of suppressing the transition of secondary electrons 
is to increase the distance between screen grid and anode. With 
normal operating currents and voltages a space charge between these 
electrodes is formed, so that a potential minimum arises, which 
acts like the suppressor grid in the pentode [366]. 

9.4. SUPPRESSION OF SECONDARY ELECTRON 
EMISSION FROM INSULATORS 

A phenomenon well known to all manufacturers of receiver tubes 
is the "S effect" [361]. This effect can be met in all tubes where 
insulated parts (metaUic and non metaUic) are hit by electrons. 
As an example we may discuss a tube with a cylindrical anode of 
gauze and a cathode at the axis. The electrons emitted by the 
cathode can hit the glass wall. In this case we can apply the same 
principles of potential stabilization as we shall in Chapter 10. 
We shall see that the inner surface of the glass wall may take 
either of two potentials, that of the cathode or a potential about 
equal to the anode potential. In the second case some disturbing 
effects can be observed. 

This charging of the glass surface can be observed by metaUizing 
the outside of the glass and connecting an electrostatic voltmeter 
to it. In German literature it is called " Schalt-Effekt" , since the 
potential of the glass-wall can be influenced by changing the order 
of switching on the voltages of the anode and cathode. If the cathode 
voltage is switched on first, so that the cathode is emitting, without 
any anode voltage, the glass wall becomes stabilized at cathode 
potential and remains at that stable potential even after the anode 
voltage is switched on. However, if the order of switching is reversed, 
the glass wall may acquire the higher, positive, anode potential 



(a) 



(b) 



Fig. 9.8a. Tube, in which mica supports and glass wall 
are screened by metal plates from electron-bombardment 

Fig. 9.8b. Tube, in which the anode is surrounded by 
a gauze cylinder at cathode potential. According to 
JONKEB [361] 
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(especially if there is some leakage due to getter material evaporated 
on the wall) and may be hkewise stable at this higher potential. 

A positive charge on the glass wall may be a nuisance — ^in several 
ways. First, the electrons attracted to the wall can decompose 
insulating substances (cf. Chapter 5), so that gaseous products 
such as oxygen are released, and these may inactivate the oxide 
coated cathode. 

Second, from a mere radio-technical point of view there may be 
a damaging influence. The internal resistance of a high frequency 
pentode can be considerably decreased when there is a positive 
charge on the glass wall. This means that there is a low resistance 
in parallel with the tuned circuit in the anode lead, with a conse- 
quent decrease in the selectivity and sensitivity of the amplifier. 
(Actually the conditions of the switch tube, described in Section 8.4 
are more or less realized.) 

A third phenomenon may be met in low frequency tubes used 
with high alternating voltages. The potential may vary jerkily, 
i.e. the potential of the wall jumps from one stable situation into 
the other. Since there is a capacitance between control grid and 
glass wall, these jumps cause potential differences between control 
grid and cathode, which are audible in the loud speaker as a crackling 
noise (Buzz-effect). 

The charging of the glass wall and its harmful consequences can 
be avoided in different ways. For example it is possible to cover 
the glass wall with a substance, such as soot or tungsten oxide, 
whose secondary emission yield is less than 1. The openings between 
the electrodes can be closed by plates (fig. 9.8a), or the anode 
can be surrounded by a gauze cylinder at cathode potential (fig. 
9.8b) [361]. 

9.5. SUPPRESSION OF SECONDARY ELECTRON 
EMISSION FROM THE CONTROL GRID IN AN 
OSCILLATING TRIODE [368] 

In a transmitting tube the secondary electron emission from the 
control grid may have a disturbing effect. Fig. 9.9 shows the 
characteristic of the grid current versus the grid voltage, where the 
secondary emission yield of the grid material is larger than 1 (dotted 
line). After a rise the curve falls with increasing F„, where Vg is 
the potential difference between grid and cathode. In this section 
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where digldVg is negative the system control grid-cathode has a 
negative resistance; the consequence is that it may act as a dyna- 
tron and thus be the source of undesirable oscillations. 

It is therefore necessary to construct a tube without negative 
resistance, i.e. make a grid with a reduced secondary emission 
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Fig. 9.9. Grid current ig and anode current ia as functions of grid potential 

F„ in transmitting tube (Philips MB 2/200). zirconium grid; 

molybdenum grid. According to Boumeesteb [368] 



yield. However it is not necessary, or even desirable, to reduce 
the yield to the very minimum. If this were to be done ig would 
become unnecessarily large, at the cost of the anode current and 
hence of the effective conductance of the tube. It is best to decrease 
the secondary emission yield by such an amount that the ig — Vg 
characteristic runs nearly parallel to the F^-axis. Zirconium, with 
^max = 1 can be used with success (fig. 9.9, chain dotted line). 
Tungsten and molybdenum with a thin cover of zirconium oxide 
also show the same yield. Their surface too is presumably zir- 
conium, the oxide being reduced by the underlying metal during 
the but-gassing process. 
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A thin cover of CrgOg also diminishes the secondary emission 
yield (German patent DRP 687386); carbon gives the same result, 
but it is liable to dissolve in the underlying metal at the usual high 
operating temperatures in this type of tube. 



9.6. SECONDARY ELECTRONS IN X-RAY TUBES [369] 

In X-ray tubes secondary electrons are released by the fast moving 
primary electrons. Investigations carried out by Wagner and 
by Trump and van de Graafe have shown that many of these 
secondary electrons are "fast" or "rediffused" electrons, the energy 
distribution curve having a maximum at 90% of the energy of the 
primary electrons. These electrons may cover long distances and so 
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Fig. 9.10. Elimination of the disturbing influence of secondary electrons 
in X-ray tubes; according to BoirwBBS and van deb Tuxjk [369] 

give rise to disturbing effects. For instance, they can excite X-rays, 
cause electrolysis of glass etc. 

The lowest yield for these electrons wUl certainly be found in 
metals with a low density. However one is not always free to 
select such a metal and in many cases the only means of elimination 
is by altering the geometry of the tube. Bouwers and van der 
TuuK have described a number of constructions of X-ray tubes 
in which special attention is paid preventing secondary electrons 
from leaving the space between cathode and anode. Fig. 9.10 
shows a flat cathode and anode. The "secondary" electrons with 
an energy equal to the energy of the primary electrons and escaping 
under an angle of 45° from the anode surface have the maximum 
range. According to Bouwers and van der Tuuk no disturbing 
influences are experienced, provided that these electrons are again 
captured by the anode surfaces; a simple calculation shows that 
the radius of the anode should be twice the distance between cathode 
and anode (fig. 9.10). 
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SECONDARY ELECTRON EMISSION IN 
TUBES WITH SURFACES OF AN 
INSULATING MATERIAL 

Secondary electron emission is of essential importance in two sorts 
of tubes in general use today: cathode-ray tubes, and storage 
tubes. In both, an electron beam hits a surface of insulating 
material. 

Although we have already discussed, in Chapter 2, the potentials 
at which such a surface can be stabilized, we shall now briefly 
reiterate these considerations, using a somewhat different picture 
(fig. 10.1). As before, the electron beam hits a non-conducting 




B'ig. 10.1. Number of secondary electrons per prinaary electron reaching 
the collector, when Fcou < FpH. = 0 and V„ Vcou are stable 
situations; V„ = Fj,i is unstable 

target, and we shall suppose the secondary electrons to be collected 
by a surrounding collecting electrode. If the target were a con- 
ductor, the current of secondary electrons as a function of the 
energy of the primary electrons would, be according to the curve 
shown in fig. 10.1. The decrease of iji^ near M is caused by the 
fact that if F^, increases while F^on, the potential of the collector, 
remains constant, the secondary electrons cannot reach the collector 
owing to the retarding field. Since the target is an insulator there 
are tf^vo stable situations: one where = 0, so that no electrons 
can reach the target; the other at such a value of F^, that iji^ is 
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equal to 1, a situation corresponding to point B. In the latter 
case Fj, c:^ F^on- At A, where F^ = V/, the situation is unstable. 

If ^cou is made very large, the curve of fig. 10.1 tends to the 
curve of fig. 10.2; we have now the well-known d — relation 
in which the second stable situation is found at F^, = Vj^. 




lig. 10.2. Secondary emission yield as a function of F„ when 
l^cou > Fj,ii. Fj, = 0 and V„ Fj,n are stable situations; V^, = V/ 
is unstable 

10.1. CATHODE RAY TUBES 

In cathode ray tubes the situation at F^ = 0 is obviously not 
wanted. In this case the target, the fluorescent screen, must be 
brought to the stable situation B, of high potential (collector 
potential). If F^, is increased from zero potential, the screen may 
never reach the high stable potential, as F^ = 0 is a stable situation. 
This difficulty is sometimes encountered with osciUoscope tubes 
using a low anode voltage of a few hundred volts; in this case a 
conductive transparent layer under the screen material may be 
useful. 

In the cathode ray tubes in television receivers is between 
5 and 15 kV, and the screen always stabilizes at high potential. 
This phenomenon needs actually a further explanation. Positive 
ions, always present in the tube, wiU presumably raise the screen 
potential gradually towards F^. If F^ exceeds the screen 
potential jumps of itself either to Feou or Vj^. As long as F^ < Vj^ 
the potential of the screen wiU foflow F^on, if the latter is increased. 
It is, however, obvious from fig. 10.2 that the screen potential can 
never exceed F/l F/^ is therefore often called the "sticking" 
potential. In the case of tubes which have to be used at high 
voltages this can be an annoying phenomenon, as an increase of 
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collector potential does not increase the energy of the primary 
electrons and therefore does not allow any increase of Hght output. 
Secondly, the electric field between screen and collector may give 
rise to a distorted picture. Thirdly, by the action of this field 
positive ions are drawn to the screen, which can be affected chemi- 
cally, and a decrease of light output can result. In rectangular 
tubes this phenomenon is known as "cross-burn". 



Evaporated A I -layer 

— .......j^ . Cpllodion layer 

» (to be burned) 



/// ///////// /////////////// ^phosphor 
- ^/ ^ /// J'/ y 

^^Glass-wall 



Fig. 10.3. Metal backed phosphor screen 

The secondary emission yield of different phosphors is therefore 
of importance, and in particular the values of Vj^ at which they 
stabilize. 

It is not possible to give exact data on the secondary emission 
yield of phosphors. In practice, it is certainly influenced by the way 
in which the powders are applied on the base. Moreover, the yield 
of the base will also contribute to the secondary emission, if the; 
covering is not complete, as in television cathode-ray tubes. The 
table shows some different data taken from literature [370]. 

F/i in kV 
WiUemite 3-7 
WiUemite 5-10 
Willemite 20 
Zinc sulphides 6-9 
Calcium tungstate 3-5 

By adding a mixture of oxides with a high yield (MgO, BeO) it 
is possible to increase the secondary emission yield. 

A new way to avoid "sticking" has been developed by application 
of the technique called "metal -backing". Nowadays it is a well-known 
technique, especially important for cathode-ray tubes used in projection 
television, where a high voltage is needed. 

Metal-backed screens are made by evaporating a very thin aluminium 
layer on to the phosphor layer. On account of the roughness of the 
powder layer itself, the alxmiinium is not flashed on to the powder but 
on a very thin intermediate layer, usually collodion (nitrocellulose), 
covering the tops of the phosphor grains as a sheet. The smooth surface 
of the latter is then covered with a layer of almniniima about 0-1 /i 
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thick; afterwards the collodion film is destroyed by heating the screen 
in air (fig. 10.3). 

It can easily be seen (for instance from Whiddington's formula) 
that the energy loss of the electrons {H with an energy of 10 keV or 
more) is negligibly small. Owing to the metal-backing the screen 
is at Fcoii- Moreover the light, which in normal tubes is also radiated to 
the inside of the tube, is now reflected to the outside. For this reason the 
light output of a metal-backed screen is greater. 

Since ions cannot penetrate the aluminium layer, a third advantage 
of metal-backing is the protection of the phosphor screen against 
bombardment by negative ions originating from the gun-cathode; 
negative ions can cause a rapid discoloration ("ionspot") of the screen. 

10.2. STORAGE TUBES [371] 

In the introduction to this chapter we saw that the potential of 
the surface of an insulator can be stabihzed at either of two poten- 
tials: that of the cathode delivering the primary electrons; or 
(about) that of the electrode collecting the secondary electrons 
emitted by the insulator. 

Collector 



Metalplate 




Fig. 10.4. Reading a charge pattern stored on the surface of an insulator 

Let us suppose the surface to be divided into a large number of 
small areas, all originally at the same stabilization potential. 
If a charge is added to or subtracted from one of these areas its 
potential deviates from the stabilization potential, but can be 
restored by bombardnig the area with electrons. If the opposite 
side of the insulating layer (the side not exposed to the electron 
beam) is covered with a continuous metaUic layer, the area under 
consideration forms one side of a small condenser, which is charged 
(or discharged) by the stabiHzing electron beam (fig. 10.4). The 
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current resulting from the stabilization of each area is conducted 
through an outside circuit, causing fluctuating voltages across the 
resistance B. If the charge is wiped out by a single scan of the 
stabilizing beam the amount, which was stored on the surface, 
can be measured. This method is used, for example, in television 
pick-up tubes. 

In other systems only the presence of a charge is of interest; if 
in this case some of the charge is used by the exploring beam, 
it is supplied by electrons originating from a special gun (a "holding" 
gun), and the wiping out of the charge has to be carried out by a 
special stabilizing process. 

It is clear that a surface of an insulator is able to store information 
in the form of electric charges. 

The process of bringing information into the surface will be called 
writing, and the process of measuring the stored charges will be 
called reading. Another method of measuring the stored charges 
consists of controlling the intensity of a continuous electron beam, 
through the action of the stored charge on a grid shaped insu- 
lating electrode. 

During the last decade several types of storage tubes have been 
described [371]. It would go far beyond the scope of this book to 
give a complete survey. We shall therefore restrict ourselves to 
a few examples. 

We shall classify the tubes in the following way: 

(a) tubes where writing occurs continuously and reading 
periodically (television pick-up tubes) 

(b) tubes where writing is carried out periodically and reading 
continuously (viewing tubes) 

(c) tubes where both writing and reading occur periodically 
(pick-up tubes for film transmission, and graphecons) 

(d) storage tubes for computing machines. 

10.2.1. Television Pick-up Tubes. 

We start with tubes with an insulating target, on which electric 
information is written by photo-electric emission or by secondary 
electron emission caused by photo electrons (television pick-up 
tubes) [372]. 

A'-picture to be transmitted by television is divided into elemen- 
tary areas. Each picture element has its own brightness. In pick-up 
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devices, the brightness of the elements is transformed successively, 
e.g. into electric currents. For the television systems now generally 
used the time available to transform the brightness of a single 
element is of the order of 10-' sec. In the older devices, like the 
Mpkow disk and the Farnsworth dissector, the photocurrent from 
each element during this IQ-^ sec had to provide the signal. If, 
however, the charge of a photocurrent during a frame period 
( A- or -iu sec) can be stored, the result of an illumination of or 



Mutually ^ 
insulated I 
photocells \ 




Fig. 10.5. Photosensitive target in television pick-up tube 

sec can be transmitted, instead of the result of an illumination 
of 10-7 sec. Thus a gain in sensitivity of the order of 10^ can be 
expected. All pick-up tubes nowadays in use are storage devices. 

In television pick-up tubes the stabilization phenomena are 
much more compHcated than in cathode-ray tubes. Pick-up tubes 
have been developed along various lines, but we shall first consider 
an elementary type. 

In such a tube the photo-emissive layer is laid on the surface of 
an insulating material, e.g. mica. The layer consists of a very large 
number of mutually insulated photocells (e.g. of the type (Ag-CsgO, 
Ag— Cs)), the other side of the mica being coated with a continuous 
metal layer, fig. 10.5. Such an electrode is thus composed of a 
very large number of small condensers. If an image is projected 
on to the photosensitive side of the mica and if the photo-electrons 
can be drawn to a collector a positive residual charge is formed on 
each element, proportional to the amount of Mght absorbed. This 
charge is measured and at the same time neutrahzed by scanning 
the surface with an electron beam line-by-line. This occurs 25 or 
30 times per second. Between two scannings a positive charge is 
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accumulated by an illuminated elementary condenser. These types 
of tubes are therefore called "storage tubes". 

In television pick-up tubes we have the usual two possibilities 
of potential stabilization, viz. at = 0 and F^, c± Fgon. Both 
are used; in the first case the target is hit by electrons with nearly 
zero velocity, and the positive charge caused by the illumination is 
simply neutraUzed. In the second case the elements are always 
bearers of a positive charge, which can vary in magnitude according 




Fig. 10.6. Schematic representation of television pick-up tube with 
cathode potential stabilization (cf. C.P.S. emitron) 

to the amount of light being absorbed. The way in which the 
accumulation and neutrahzation of the charge take place is rather 
complicated and wiU be discussed later on. 

The first type of tubes are usually called tubes with low- velocity 
scanning or tubes with C(athode)-P(otential)-S(tabilization) [373, 
374]. This system of C.P.S. scanning is applied in tubes indicated 
with names like orthicon, superorthicon, image-orthicon, C.P.S. 
emitron. Tubes of the second type (high-velocity scanning) are 
iconoscope, image-iconoscope, super-emitron, eriscope etc. 

10.2.1.1. Television picJc-up tubes with low velocity scanning. 
We shall now discuss in more details some properties of tubes 
with low velocity scanning. In fig. 10,6 we show the scheme of 
a tube, which is now manufactured by E.M.I, in England and 
called the C.P.S. emitron. The electron-gun delivers the beam 
for scanning. It is focussed by a longitudinal magnetic field and 
deflected by the magnetic field of two pairs of coils (the coils are 
not shown in the drawing). 
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The metal layer at the rear of the target is transparent so that the 
photosensitive side of the target, consisting of mutually insulated 
photocells which are positively charged, can be illuminated. Fig. 
10.6 shows how the scanning beam discharges the elementary 
condensers through the resistance B, which is the input resistance 
of the video amphfier A. 

One of the difficulties of this type of tube is that the positive 
charge of the target surface under conditions of strong illumination 

Electrical image 
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Scanning-beam 



Multiplier 




Glass sheet 
stabilized at 
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(-200 V) 



Fig. 10.7. Schematic representation of image-orthicon 
may be sufficiently high to raise the potential of the surface beyond 
Then the potential of the surface jumps to that of the collector 
and a high velocity scanning is started. This instability can be 
avoided by inserting a very fine mesh just in front of the target 
and adjusting it to such a potential (of the order of 5 V) that Vj- 
wiU never be reached. This mesh, however, may be the cause of 
disturbing effects, due to additional capacity. 

The objections to this tube have led to the development of the 
image-orthicon [375], a pick-up tube which is now generally used 
in the U.S. In the C.P.S. emitron the target has a double task: it 
forms the photosensitive layer and it stores the electric charge due 
to the photo-electric emission. These functions are separated in 
the image-orthicon (fig. 10,7): the photocathode is a continuous 
transparent layer appHed on a window; the photo -electrons are 
made to form an image on an insulating target, which is scanned 
by a scanning beam. 

The word "image" refers to the section of the image-orthicon in 
which the electron optical image is formed. The advantage is 
obvious: the continuous photocathode is more sensitive than the 
broken layer in the C.P.S. emitron; apart from this the stability in 
this kind of tube is assiu-ed as we shall see. 
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The method of scanning the charge pattern is most original. 
The tube is divided into two sections. The left-hand part is the 
scanning section, as in the C.P.S. emitron, but the target is a very 
thin sheet of glass. The right-hand part is the image-section, in 
which the photocathode is imaged optically on the glass sheet. 
The photo -electrons form a positive charge pattern owing to 
secondary emission. This positive charge leaks through the glass 
and is' neutralized on the other side by the scanning beam. On the 
side of the photocathode a very fine mesh is inserted, just in front 
of the glass sheet. Suppose the cathode of the electron gun is at 
earth potential; then the surface of the glass sheet is also at earth 
potential, the mesh is some volts above earth potential and the 
photocathode itself, e.g. at — 200 V. The charge pattern on the 
glass sheet is established by the secondary electrons drawn from 
the glass sheet to the mesh; there is a limit to the potential of the 
sheet surface, in the same way as that produced by the mesh in 
the C.P.S. emitron. 

The distance between glass sheet and mesh determines the 
capacity, and therefore the amount of charge which can be collected. 
In order to cover a sufficiently large range of illumination this 
capacity has to be as large as possible. If the amount of light being 
used is too great there is an excess of secondary electrons falling 
back on the target. In television pictures this can sometimes bo 
observed as a halo -like phenomenon: white parts of the pictures 
are surrounded by a black area. 

The video signal is taken from this tube in a different way to 
that from the C.P.S. emitron. To illustrate this we consider a small 
area on the target, i.e. the glass sheet, with a positive charge. The 
positive area needs a fraction of the scanning beam for neutralizing 
the positive charge, and we find a reduction in the returning electron 
beam corresponding to the neutralized amount of charge on the 
target. This being a low velocity system it is possible to collect the 
returning beam quite easily, as the returning electrons follow 
cycloid-shaped orbits along the magnetic lines of force similar to 
those of the scanning electrons. The returning beam can be col- 
lected inside an electron multiplier surrounding the electron gun; 
in this way an amplification of the fluctuations is obtained. The 
construction of the multiplier is of the "Venetian blind" type. This 
prinpiple could of course also have been applied in a C.P.S. emitron. 

The image-orthicon is the most sensitive pick-up tube used in 
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practice, that is to say it has in low illuminations a greater signal to 
noise ratio than any other type of tube. In the image-orthicon the 
noise level is determined by the shot noise in the returning beam; 
in the other tubes, the noise level is determined by the noise origi- 
nating from the coupHng resistance or the first amplifier tube. 




Cathode J=- 
i-KX)OV) ' '-^ 

Fig. 10.8. Schematic representation of iconoscope 

It can easily be seen that in the image-orthicon the returning 
beam is strongest in the black parts of the picture being trans- 
mitted, so the black parts show the most pronounced noise. As 
the depth of modulation of the return beam is as much as 20 to 
30 per cent there is another contribution to the noise. To lower 
these^ noise effects the "image-isocon" [376] has been developed. 
In this tube the secondary electrons originating from the neutraUzed 
parts on the target are amplified and not the return beam. Weimer 
has succeeded in finding a way to separate the secondary electrons 
from the beam of returning electrons. This type of tube, however, 
has not yet come into use in regular television broadcasting. 

10.2.1.2. Television pich-up tubes withUgh velocity scanning, [377-380] 
The simplest form of these tubes is the ordinary iconoscope (fig. 10.8). 
A charge pattern is formed in the same way as for the C.P.S. 
emitron. Here the target is scanned by a beam of electrons whose 
energy is about 1000 eV. The potential of an element after stabili- 
zation is therefore a few volts above collector potential and the 
element is not able to emit photo -electrons against the retarding 
field which is formed between itself and the coUector, the energy of 
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tile photo-electrons being smaller than that of the secondary 
electrons. It is, however, obvious that in a system where the 
distance between target and collector is great, compared with the 
distance between an element and its neighbours, the influence of 
the sun-oundings of an element will be important. The result will 




Fig. 10.9. Variation of potential of target element with time in a tube 
with high velocity scanning. Scanning period is between t — 0 and 
t = t^. Between t = and t = the potential drops gradually owing to 
redistributed electrons. Full line: target dark. Broken line: target 

illuminated 

be that during the scanning of an element only a fraction of the 
secondary electrons released is able to reach the collector; only a 
small fraction falls back on the original element, but the largest 
fraction will fall back on other parts of the target, where the poten- 
tial may be higher than collector potential. This is called the 
redistribution effect, which is essential for the mechanism of the high- 
velocity pick-up tube. The mechanism can be explained roughly 
in the following way: Fig. 10.9 shows the variation of the potential 
F of an element as a function of time t. In the scanning time t-^ 
(about 10"'^ sec) the potential of an unilluminated element will be 
brought from F„„in to Fg^ (lower curve). From t — t-^ to 
t = tQ (approximately sec being the frame period) the potential 
will gradually drop, the element receiving continuously secondary 
electrons from other elements being scanned. This redistribution 
current is at its maximum just after t = ^j, when the potential is 
still high and the beam is hitting adjacent elements. 

If the same element is now continuously illuminated it ought 
. coni:inuously to emit photo-electrons. For some time after t = i^, 
however, the potential is high and the photo-electrons cannot 
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leave the element until the potential has decreased sufficiently due 
to the redistribution. Thus photo-emission is only possible during a 
fraction of the frame period, and in practice the effective time of 
storage is only about 5% of the frame period. As a result of the 
photo-electric emission the potential before the next scanning will 
be somewhat higher than for an unilluminated element so that the 
"jump" to the potential of stabilization will be smaller. 




Cbihxle = 
(-7000V) 

Fig. 10.10. Schematic representation of image iconoscope 



We can see in this way the importance of the current of redistri- 
bution electrons in determining the properties of this kind of tube. 
Obviously the high velocity tube is less sensitive than the low 
velocity tube, since the effective time of storage in the first is 
about 6%, while in the latter it is 100%. The iconoscope is m fact 
too msensitive to be of much practical use for ordinary broad- 
casting purposes and is now generally replaced by the image- 
iconoscope, a high-velocity tube where the tasks of photosensitive 
layer and target are separated as in the image-orthicon. 

Fig. 10.10 shows the design of this tube in principle. The photo- 
cathode is transparent and its image is electron-opticaUy focussed 
on the target, so that secondary electrons are released and a charge 
pattern is accumulated. This is scanned by an electron beam in 
the same way as in the iconoscope. The image-iconoscope is more 
sensitive than the iconoscope for three reasons: 

(a) the broken photocathode in the iconoscope is replaced by a 
continuous layer (3- to 4-fold gain in sensitivity); (b) there is a 
secondary emission multiphcation on the target (3- to 4-fold gain); 
and (c) in the image-iconoscope the effective time of storage is 
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about 30% of the frame time. It is larger than in the iconoscope 
because the secondary electrons producing the charge pattern on 
the target are faster than the photo-electrons in the iconoscope 
(6-fold gain). Thus the image-iconoscope needs only 1/3 X 1/4 X 1/6 
= 1 /72 of the amount of light of the iconoscope to give the same 
signal. 

The difference in the scanning mechanism of low and high velocity 
tubes results in a marked difference in behaviour and picture 
quality: 

(a) In high velocity tubes the stability of the target potential 
is always guaranteed; in low velocity tubes it can only be obtained 
with the aid of a mesh. 

(b) Owing to the effective time of storage low velocity tubes 
may give a "blurred" image of fast moving objects; whereas a 
high velocity tube produces a series of more or less sharp pictures. 

(c) In tubes with high velocity scanning the density of the re- 
distribution electrons is not uniform over all the parts of the target ; 
different parts of the target are therefore not quite at the same 
potential, even without illumination i.e. without impinging photo- 
electrons. Signals originating from these potential differences are 
called "spurious signals". These spurious signals are in principle 
not encountered with low velocity scanning. Pictures produced by 
low velocity scanning are therefore "flatter" than the pictures from 
high velocity tubes. Spurious signals can be largely eliminated by 
the application of compensating signals generated in outside circuits 
and inserted in the video amplifier. Alternatively, an additional 
direct current of slow moving electrons from an extra cathode 
can equalize the potential differences over the target, usually with 
the help of extra electrodes around those places in the target area 
where a supply is especially needed. This is a method used in the 
P.B.S. photicon; it is also used in the U.S.A. in the iconoscope for 
film transmission.* When these precautions are not taken the 
intensity of the spurious signals determines the minimum light 
levels, at which an acceptable picture can be obtained. 

(d) It would seem at first sight desirable that the generated 
signal should be a linear function of the amount of light. A general 
expression is 8 = CP, where S and / are respectively signal output 
and illumination and G and y are constants. Low velocity tubes 



P. Schagen; Thesis, Amsterdam 1951. 
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deliver a signal for which 7=1, with the restriction that the signal 
becomes independent of the illumination as soon as the rise of the 
potential on the target surface is stopped by the action of a mesh. 
In tubes with high velocity scanning y < 1, and the signal gradually 
tends towards a saturation value with increasing illumination 
(fig. 10.11). Before passing judgement, however, we must consider 

Signal 




Illumination 

Fig. 10.11. Signal characteristics of tubes with low and high velocity 

scanning 

the receiving end. The fight output L of the cathode-ray tube 
depends on 8 according to the relation L =: C^S^'i, where 7i > 1 
(mostly y 5/2) depending on the properties of the electron gun 
in the receiving tube. Thus L = C^P^'^. For the best result y-^y 
must c=i 1. In practice, without any additional y-corrector, a high 
velocity tube gives a picture of better quality than a low velocity 
one. 

The differences summarized above determine the advantages 
and disadvantages of the two scanning systems. In transmitting 
systems where a high definition is required the high velocity scanning 
method will be preferred, since a high resolution capacity is more 
easily obtained with high velocity than with low velocity electrons. 
Nowadays low velocity tubes (image-orthicons) are in common use 
in the U.S.A. In Europe both low and high velocity systems (image- 
iconoscope) are used. 

10.2.1.3. Monoscope 

A monoscope, as it is termed, is a tube which is often used for testing 
a television transmitter. This tube is provided with a target (e.g. 
aluminium with a thin oxide layer), on which a test pattern is drawn 
with carbon. The differences in secondary emission yield enable a 

11 



150 



SECONDAHY BLBCTBON EMISSION 



signal to be obtained when the target is scanned in the usual way. 
A similar tube has been constructed by Knoll and THEiLii [381] for 
the transmission of arbitrary pictures which can be drawn on the target. 

10.2.2. Viewing Tubes with Storage. 

In cathode-ray tubes used for television reception (kinescopes) the 
elements of the fluorescent screen are successively hit by an electron 




Fig. 10.12. Storing and emission of energy by a phosphor in a 
cathode -ray tube 



beam; its intensity is determined by the signal obtained from the 
pick-up device. In the type of tube described in Section 10.1 an 
element of the fluorescent screen receives the full energy of the beam 
during 10"''' second; a fraction of this energy is emitted in the form 
of light during the next frame period. A cathode-ray tube is in 
fact a storage system, but it stores energy rather than charge 
(fig. 10.12). 

The specific loading of an elementary area is high; extremely so 
in tubes for projection television [382], used in combination with 
an optical system and projector screen, where specific loadings of 
the order of 100 kW/cm^ during the scanning period of 10"'^ second 
are normal. Since the capacity for storing energy in fluorescent 
powder is limited (especially in high efficiency phosphors of the 
sulphide type), the amount of light as a function of the loading 
teiicls to a saturation value. Another disadvantage, demonstrated 
by Haantjes and de Vrijeb, [383], is that phosphors with a short 
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decay time (e.g. for sulphides t c:± lO"* second) tend to give pictures 
with "flicker". 

A continuous loading of the screen is preferable. This can be 
carried out by applying a charge storage principle. Examples 
described in the literature [371] operate on similar fines. A charge 
pattern is written by a writing beam on a grid, the surface of which 
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Fig. 10.13. Principle of a cathode-ray viewing-tube with storage 



is covered with an insulating layer. A continuous current, origina- 
ting from another gun or photocathode, "flooding" this grid is 
controUed by the charges. Thus the charges determine the trans- 
parency of the grid for the flooding electron current, so that a 
picture can be observed on a fluorescent screen placed on the other 
side of the grid (fig. 10.13). 

The decay time of the charge pattern on the grid should be of 
the order of a frame period, for a longer decay time will give rise to 
"smeared" pictures. The decay time can be calculated, for example, 
as it equals the RC time of the condenser formed by the insulating 
layer. 

In practice this principle has never been used for cathode-ray 
tubes with phosphor screens; direct view tubes have the advantage 
of being free from saturation effects, and flicker can be avoided by 
the choice of a phosphor with a sufiiciently long decay time. Never- 
theless, for a projection system where an enlarged picture is pro- 
jected of the phosphor screen of a cathode-ray tube, a charge 
storage system could be useful to avoid saturation of the phosphor; 
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but charge storage- has not yet been used in projection tubes, 
either. 

There is, however, one special example in projection television 
[384] where application of the storage principle has given extremely 
good results. In this system, called "Eidophor", invented by the 
Swiss physicist Fischer, a charge pattern is written in an oil film; 
under the action of electrostatic forces the surface is deformed. 
If this oil film is inserted in a "Schlieren" optical system, the 
deformed places in the oil film allow the passage of light originating 
from an external light source. The system is thus in fact a light- 
relay. 

It is obvious that the decay time of the oil deformation is of 
essential importance. Let us call the frame period T and the 
effective time of opening of a picture element t (t < T). Then 

T 

a fraction — of the light flux entering the element will be allowed 

T 

to pass. Thus ~ determines the illumination of the projection 

screen, which should be as great as possible. In the eidophor system 
the oil on which the information is written is conductive, its con- 
ductivity being chosen so that an optimum decay time is obtained. 
The result is an effective light storage time of about 70%. 

10.2.3. Systems where Writing and Reading occur Periodically. 

Many systems have been described, where writing and reading 
take place periodically. One well known example is the transmission 
of films by television with the aid of pick-up tubes. In such a system 
writing takes place during the frame fiy back, when the scanning 
of the target is stopped. Reading takes place in the way described 
in Section 10.2.1. There are also tubes provided with two guns, 
one for writing, the other for reading [371]. These systems can 
be used, for example, to transform one television standard into 
another. We shall describe in more detail the "graphecon"; in 
this system use is made of a form of amplification, which is essenti- 
ally an "internal" secondary electron amplification. 

In a graphecon the radar picture known as a "plan position 
indicator" (P.P.I.) can be transformed into a television picture 
without using optical means. A P.P.I, pattern is generally written 
completely in some seconds, whereas in normal television systems a 
charge pattern is read 25 or 30 times a second. The writing system 
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of the transformation tube must therefore accumulate a charge of 
such an amount that a few hundreds or thousands of scanning 
periods are possible, each providing a signal of sufficient amplitude. 
Such a tube has been developed by Pensak [385]. In order to get 
sufficient charge by the action of the writing beam, an electron 
multiplication effect is used, of a general type called "conductivity 

Metalbase 
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Fig. 10.14. Principle of bombardment-induced conductivity 

induced by electron bombardment". This phenomenon has been 
studied during the last few years by several authors [386-389]. 

This induced conductivity can be observed, if a thin layer of an 
insulator like silica, aluminium oxide, or evaporated antimony 
trisulphide is sandwiched between two metallic electrodes and the 
insulating layer is pierced by a beam of fast moving electrons 
(fig. 10.14). If such a potential difference is appHed between the 
two metaUic electrodes as to give a field strength of the order of 
105 to 10^ V/cm a conduction current can be observed, which is 
many times larger than the bombarding electron beam. Pensak 
[390] found by gradually increasing the energy of the bombarding 
electrons the conduction current starts when the electrons just 
pierce the layer. The multiplication effect is at its maximum when 
the amount of energy lost by bombarding electrons is also at its 
maximum. The amount of energy lost in the layer shows a maxi- 
mum as a function of the energy of the bombarding electrons. 
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In the case of a 1-5 ^ silica layer, for example, the maximum 
effect is observed at a bombarding voltage of about 14 kV. With 
a gradient of 10^ V/cm a multiplication of 30 is found. The eflPect 
is still greater at higher temperature and multiplications up to 
50,000 have been recently obtained. 

Fig. 10.15 shows the way this effect is used in the graphecon. 
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Fig. 10.15. Schematic representation of graphecon (Pensak) 

The target consists of a metal plate covered with a film of insulating 
material having a thickness in the order oi \ [x. The writing gun 
gives a beam of 10,000 eV, which penetrates the film completely, 
whUe the reading beam of 1000 eV scarcely penetrates it. Suppose 
the metal base of the target to be at approximately — 50 V, the 
collector being at zero potential. The writing beam tends to bring 
down the surface potential to that of the metal base; the reading 
beam restores it to collector potential by the emission of secondary 
electrons. So when a picture element is negatively charged by the 
writing beam it gets a small amount of positive charge each time it 
is being scanned, giving a signal which can be taken from the 
resistance inserted in the target lead. A special circuit is needed to 
prevent the pulse originating from the opening of the writing beam 
becoming visible in the television picture. Different types of tubes 
have been developed, including one with a double-sided target. 

10.2.4. Storage Tubes for Electronic Computing Machines. 

In;;the past few years storage tubes have become of importance 
for electronic computing machines. In these machines it is necessary 
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to write and read numbers as quickly as possible and to store them 
for a controllable time. Many different storage systems have been 
proposed, one of them being the storage of electric charges on an 
insulating target, i.e. an all-electronic system. We have seen already 
that systems with two stable potentials can easily be achieved; if 
one potential corresponds to the digit 0 and the other to 1, the 

t^etcUplafe 

-Mica with BeO mosaic 

Ouipui -^SOV Reading 

mnr — i 

4 /? 'Writing 

+100V Pulse ^ 
for negative 
writing 



Fig. 10.16. Storage tube by Dodd, Klempeber and Youth [391] 

consequence will be that in this type of storage device it is practical 
to write numbers in the binary system. 

One such tube, for example, has been developed by Dodd, 
Klempeber and Youth (fig. 10.16). It is a kind of cathode ray 
tube in which the target is similar to that in the iconoscope (fig. 8.4), 
but its mosaic is beryllium with superficial beryllium oxide, instead 
of silver-caesium, and 50 V. A very fine wire screen (40 

meshes/cm) serving as a collector is laid in front of the target. Two 
guns are used, one giving a focussed beam of 2000 eV electrons for 
writmg and reading, the other a 100 eV defocussed beam "flooding" 
the target for holding. By deflecting the focussed beam and by 
interrupting it opening at discrete deflection positions it is possible 
to write a pattern on the target. The authors were able to write 
between 256 and 1024 digits on a target of 100 cm^. 

It is obvious that in this system the writing beam always charges 
the target surface to collector potential (zero). The differentiation 
between 1 and 0 is made by the positive pulse of 100 V given to 
the signal plate when the beam current is opened (fig. 10.17). 

It can easily be seen, that the current originating from the holding 
gun can retain the stored information, if the negative potential of 
the cathode is about equal to the positive pulse applied for negative 
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writing; the "positive" spots are then held at collector potential 
and the negative spots at the cathode potential of the holding gun. 
For the reading process the signal plate is gated with a special pulse 
of +50 V in order to obtain signals of different sign. Access to 
any spot is possible within 25 jus, which gives time for all the 
operations necessary for locating and reading or writing the 
information. 
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Fig. 10.17. Writing process in tube of fig. 10.16 

(a) writing positive on positive spot 

(b) writing positive on negative spot 

(c) writing negative on negative spot 

(d) writing negative on positive spot 

Recently Rajohman [392] has developed a tube in which a 
somewhat similar method of storing, reading and writing is used. 
The method of selecting a special spot on the target surface is, 
however, quite different. Rajohman has used a flat cathode, 
which is able to emit electrons from 256 different areas, each cor- 
responding to a different area on the target surface. By means of 
an ingenious grid system he is able to select one of the cathode areas 
for emission and to prevent emission from the rest of the cathode; 
this tube, therefore, does not need the deflection technique used in 
other systems. 

Williams and Kilburn [393] have used in their computing 
machine the simplest form of electrostatic storage system — an 
ordinary cathode-ray tube with the phosphor screen acting as a 
storage surface. The front face has an externally appHed metal 
coating, which serves as the signal plate. A pattern is written in 
the same way as in the system of Dodd, Klemperbe and Youth. 

When the electron beam is directed at one of the points of the 
pattern, this point gets a positive charge and <5 > 1 . Some of the 
secondary electrons are distributed over the surrounding area, 
causing a negative charge. Thus a potential mountain arises at a 
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point P as is shown in fig. 10.18a. Let us call this situation 0. 
If the figure 1 has to be written, the beam is moved to an adjacent 
area to a point Q. Now a positive charge is formed at Q and the 
redistributed electrons will neutrahze the positive charge at P. 
Thus when the beam moves from P to ^ the mountain moves 



+ 




Fig. 10.18. Writing "0" and "1" in storage tube by 
WiLLiABis and Kilbubn [393] 

from P to (9 as weU. The situation with the mountain at Q will be 
caUed 1 (fig. 10.18b). Thus the pattern consists of pairs of points, 
one corresponding to 0, the other to 1 . 

Reading and holding occurs at the same time. Suppose the beam 
is directed at P. When a mountain is found at P(0), nothing changes, 
no signal is obtained, and the beam will be blocked. If, however, 
there is a mountain at Q a signal wfli be observed at P. This signal 
can be used for moving the beam to Q. The old situation wifl then 
be restored and the beam be blocked. 

The technique of storing numerical information in electronic 
tubes is quite new, and further developments can be expected. 
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